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Silks, spun by Bombyx Mori silkworm and Nephila clavipe spider, are 
among the most naturally amazing materials which have attracted human’s 
attention for over a thousand years. During the last few decades, many efforts 
were focused on unravelling (i) the hierarchical structure of silks and (ii) the 
self-assembling process of silk proteins in order to create novel silk-based 
materials with superior mechanical properties for advanced applications. To 
date, breakthrough understandings in the field has led to a number of methods 
to process silk-based materials into various morphologies such as fibers, films, 
hydrogels, particles. Despite those significant achievements, the self-
assembling process of silk proteins still remains not fully understood and 
further investigation of this area is required. 
In this thesis, we have studied the gelation process of silk fibroin (SF) 
under the influence of ultrasonication. The gelation kinetics and mechanical 
properties of SF hydrogels were observed using rheological measurements. 
Ultrasonication was found not only to fasten the gelation process but also to 
affect the mechanical properties of the hydrogels. Furthermore, at different 
gelation stages starting from solution to stable hydrogel, the β-sheet 
crystallinity and the fractions of secondary structures of freeze-dried samples 
were determined quantitatively by using X-ray diffraction (XRD) and Fourier 
Transform Infrared Spectroscopy (FTIR), respectively. By correlating the 
structural data with the rheological properties, the SF gelation pathway via 
ix 
 
ultrasonication was identified to follow the nucleation-growth mechanism. 
Further morphological observations using Scanning Electron Microscopy 
(SEM) and Atomic Force Microscopy (AFM) also revealed evidences for the 
formation of a nano-fibrillar network from nano-sized nucleation centres. By 
linking up all the experimental data, a full picture for the gelation mechanism 
of SF proteins under ultrasonication has been explained in details.  
Based on those insights into the self-assembly of SF hydrogels, we 
were able to suggest a novel manner to control the structure and mechanical 
properties of SF hydrogels by varying the density of nucleation centers using 
ultrasonication. By increasing the sonication time from 5s to 45s (i.e. 
increasing numbers of nucleation centers), the elastic modulus of the hydrogel 
was reduced from 13.6 ± 2.1 kPa to 2.9 ± 0.2 kPa. In addition, we tested the 
biocompatibility and the influence of substrate stiffness of the SF hydrogels 
using human mesenchymal stem cells (hMSCs). We observed that the cell 
attachment and proliferation rate of hMSCs was faster when growing on the 
surface with higher stiffness.     
In the final part of the thesis, we demonstrated the capability to create 
functional silk-based materials by incorporating iron-oxide nanoparticles 
(IONs) into silks. Magnetic silk-based materials were successfully fabricated 
in different formats such as fibers and microparticles, which can be useful for 
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1.1 General introduction to silks 
1.1.1 The amazing toughness of silk fibers 
Silks spun by Bombyx Mori silkworms and spiders, e.g. Nephila 
clavipe and Araneus diadematus, are examples of perfect materials created in 
nature. They are superior to all man-made fibers in terms of toughness despite 
their light weight and ambient synthetic condition [1-4]. Spider dragline fibers 
possess unique mechanical properties with a combination of superior strength 
and extensibility. Nephila dragline silk fibers typically feature an ultimate 
strength of 1.3 GPa, and an extensibility of 40%, giving rise to an unusual 
toughness of 160 kJ kg-1 [4]. As shown in Figure 1.1, this toughness is 5 times 
tougher than Kevlar, the strongest synthetic fibers which is available 
commercially. Compared to spider silk, naturally-spun silkworm silk often 
expresses lower values of both breaking stress and breaking strain, i.e. lower 
toughness, although the two types of silks share the similar nano and micro 
structures. However, recently it has been discovered that under a special 
treatment in the reeling process, silkworm also can reach a comparable 
toughness to spider silk (Figure 1.2) [1]. Moreover, the production of 
silkworm silk has been utilized by human over thousands of years, which 
makes them much more available and common than spider silk. With this 
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regards, the objective of my thesis is mainly focused on the research of 
silkworm-based materials.  
 
Figure 1.1: Mechanical properties of silks compared to other high-
performance fibers [1]. 
 
Figure 1.2: Spinning silk from B. mori silkworms at different speeds. . The 
data show that the properties can match those of spider silks when spun from 
the worms at higher rates than native processes. Reproduced with permission 




1.1.2 How silkworms produce silk 
 
Figure 1.3: a) Picture of B. Mori silkworms, b) silk cocoons, c) degummed 
silk fibers. 
 
Silk fibers spun by Bombyx Mori silkworm consists of two protein 
microfilaments (fibroin brins) stick together by a coating layer of a glue-like 
glycoprotein called sericin (Figure 1.2, inset). One single brin has a diameter 
from 10 to 20 µm and consists of a number of nanofibrils. B. mori silk fibers 
are 10-20 μm in diameter and appear triangular in shape. Prior to fiber 
formation, B. mori silk proteins are stored in a stable soluble state at a high 
concentration (~ 30 wt %) in the silk glands. The gland of silkworm mainly 
consists of three distinct regions, i.e the posterior, the middle, and the anterior. 
Fibroin, the main component which takes up to 70 wt % of silk proteins, is 
exclusively synthesized in the posterior region and is transferred by peristalsis 
into the middle region of the gland. The second silk protein, sericin, is 
produced in the walls of the middle region. During the natural spinning 
process, the silk proteins are moved to the anterior region and spun into the air 
at the spinneret to form the final silk fiber which consists of two fibroin cores 
coated by a layer of sericin, the adhesive protein. This silk spinning is a 
complex process which involves various changes of protein’s chemical and 
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physical parameters such as pH, ionic concentration, protein concentration and 
shear rate [5]. Till date, the fiber formation mechanism is not fully understood. 
1.2. The hierarchical structure of silk fibers 
1.2.1 Silk fibroin: primary structure 
 
Figure 1.4: Proposed 2-D schematic of fibroin heavy chain and light chain. 
Reproduced with permission [6]. Copyright © 2005, American Chemical 
Society. 
Silk fibroin consists of a light chain (~27 kDa) and a heavy chain 
(~391 kDa) linked via a single disulfide bond at the C-terminus of the two 
subunits [6]. In addition, a protein named P25 is associated with the heavy 
chain-light chain complex mainly by hydrophobic interactions. The schematic 
illustration of a silk fibroin molecule is shown in Figure 1.4. The heavy chain 
consists of 5,263 amino acids consisting of 45.9% glycine, 30.3% alanine, 
12.1% serine, 5.3% tyrosine, 1.8% of valine, and 4.7% other amino acids. The 
structure of the heavy chain can be divided into four different regions based on 
amino acid chemistry and sequence: the N-terminus, the C-terminus, 11 spacer 
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regions, and 12 large repeat bulk domains. The N-terminus, C-terminus, and 
11 spacer regions are hydrophilic and form the less crystalline regions of the 
assembled proteins, and the 12 large bulk domains are hydrophobic and form 
the dominating crystalline β-sheet regions that generate the physical crosslinks 
during the formation of hydrogels. Each hydrophobic crystalline region that is 
connected via the 11 nearly identical spacers is composed of dipeptide units in 
form of Glysine-X (GX), where X can be alanine (A), serine (S), tyrosine (Y), 
valine (V), or threonine (T). Within these bulk hydrophobic domains, the 
hexapeptides GAGAGS are present in 433 copies and GAGAGY in 120 
copies, accounting for 72% of the repeat domains. These regions form the 
physically cross-linked crystals or β-sheets, resulting in the strength and 
stability of silk materials. 
Silk fibroin is also described as a natural block copolymer combining 
of hydrophobic and hydrophilic blocks [7]. The heavy chain of fibroin 
comprises two large hydrophilic blocks one each at the chain ends (the C-
terminal and N-terminal), six smaller internal hydrophilic blocks and seven 
interspersed hydrophobic blocks. The N-terminus is on the average negatively 
charged (PI = 4.6), while the C-terminus is positively charged (PI = 10.5). 
These two charged terminals are separated by a disulfide linkage at the C-
terminus. Because the negatively charged light fibroin chain is much longer 
than the C-terminus, overall the fibroin molecule exhibit a negative charge 
with an isoelectric pH of 3.9-4.0. Besides the charged nature, silk fibroin also 




Figure 1.5: a) Amino acid composition of the heavy chain of silk fibroin. b) 
Chemical structures of the most abundant reactive amino acids in silk fibroin. 
Reproduced with permission [8]. Copyright © 2009, Royal Society of 
Chemistry. 
1.2.2 Silk fibroin: secondary structure 
Silk fibroins are considered to be two-phase semi-crystalline natural 
polymers containing both crystalline and non-crystalline regions. To be more 
accurate, we can describe silk fibroins as natural block copolymers, combining 
many hydrophobic (crystalline) with less hydrophobic (non-crystalline) 
blocks. The crystalline regions have been identified by many authors as rigid, 




Figure 1.6: Anti-parallel β-sheet structure of silk fibroin. Reproduced with 
permission [8]. Copyright 2009, Royal Society of Chemistry. 
The beta-sheets can be easily formed from poly-Ala, or poly-
GAGAGS (major contribution in silk fibroin protein), interlocking with 
adjacent chains via hydrogen bonds [12]. As is widely known, there are two 
types of beta-sheet structures in the natural protein structures: the parallel and 
the anti-parallel beta-pleated sheets. The crystalline regions of silk fibroin 
have been proved to be anti-parallel beta-sheets structure by many different 
methods [13]. The anti-parallel beta-sheet structures in silk fibroin are 
asymmetrical; one side occupied with hydrogen side chains from glycine, and 
the other occupied with the methyl side chains from the alanines that populate 
the hydrophobic domains. The beta-sheets are arranged so that the methyl 
groups and hydrogen groups of opposing sheets interact to form the intersheet 
stacking in the crystals. Strong inter- and intra-chain hydrogen bonds and van 
der Waals forces can generate a thermodynamically stable structure, which is 





1.2.3 The hierarchical structure of silk fibers 
 
Figure 1.7: The hierarchical structure of silk fiber. Reproduced with 
permission [14]. Copyright © 2014, the Royal Society of Chemistry.  
The β-structure sequence is GAGAGSGAAS(GAGAGS)n, n = 1~11 
for B. mori silkworm silks and GAGA(A)n, n = 4~6 for N. pilipes spider silks 
(G: Glycine, A: Alanine, S:Serine). Concerning the β-nano crystallites, the 
lattice constants of the orthogonal unit cell of β-crystallites (Figure 1.7a) are a 
= 0.938 nm, b = 0.949 nm, c = 0.698 nm for silkworm B. mori silks [15, 16], 
and  a = 1.03 nm, b = 0.944 nm, c = 0.695 nm for spider Nephila dragline silks 
[17]. 
The hierarchical network structures of silkworm silk and spider 
dragline silk fibers are illustrated by Figure 1.7. The silk fiber of the two types 
is composed of a bundle of nanofibrils with diameters of 30 nm for B. mori 
silkworm fibers and 35 nm for Nephila pilipes spider dragline fibers. Inside 
the nanofibrils, β-crystallites (crystalline domains) are connected by non-β-
structures (non-crystalline domains). Each β-crystallite is formed jointly by 







1.3 Self-assembly of silk fibroin and silk-based materials 
Silk fibroins, as a member of fibrous proteins, have a highly repetitive 
primary sequence that leads to a significant homogeneity in their secondary 
structures in contrast to the less ordered globular proteins. These secondary 
structures permit tight packing of stacked sheets connected by the hydrogen 
bonds between the protein chains, which can form large 18 hydrophobic 
domains with special strength and resiliency [18]. The self-assembly of silk 
fibroin is believed to be driven by the hydrophobic interaction between the 
molecules, in which water molecule plays an crucial role. In many studies, the 
self-assembling process of silk fibroin is involved with the conformation 
transition from random coils to β-sheets and β-crystals subsequently [4, 7].  
 
Figure 1.8: A schematic illustration of the two possible formation theories for 
silk protein assembly. Reproduced with permission [19]. Copyright © 2009 




At the moment, two theories have been proposed to explain the self-
assembling pathway of silk protein (Figure 1.8).  
Beside the excellent mechanical properties, silk is also recognized as 
biocompatible and biodegradable materials [20]. It is believed that silk was the 
first material for the use as surgery suture. In addition to the biocompatibility 
and biodegradability, silk is easily functionalized with bioactive proteins and 
chemicals, and its structure and morphology can be modulated to match a 
wide range of working requirements [21]. Due to these unique characteristics, 
silk has been recognized as a biomaterial with great potential, and fabricated 
into various material formats including films, three-dimensional porous 
scaffolds, electro-spun fibers, and microspheres for several applications, such 
as tissue engineering, drug delivery, burn-wound dressings, and enzyme 
immobilization matrices (Figure 1.9) [3, 22-28]. 
For example, silk fibroin hydrogels are of interest for many biomedical 
applications. SF hydrogels are formed by sol-gel transition from aqueous SF 
solution [22]. The gelation is induced by sonication [29] or vortexing [30]. 
The gelation time and physical properties (i.e. mechanical and diffusion) can 
be controlled by adjusting SF concentration, SF extraction parameters, 
temperature, pH, and ionic concentration [31]. SF hydrogels have been used 
widely as a biocompatible substrate for various biomedical applications. 
Moreover, several methods have been developed in order to incorporating 




Figure 1.9: Regenerated silk fibroin of different morphologies has various 
biomedical applications [4]. 
 
In the last decade, silk fibroin has been explored as a potential scaffold 
biomaterial for cell culture and tissue engineering in vitro and in vivo. Like 
most biomaterials used in tissue engineering, silk has been extensively 
evaluated for its biocompatibility, degradability, and processability in addition 
to mechanical properties. Excellent in vitro biocompatibility of silk fibroin has 
been demonstrated by supporting cell attachment, spreading, and proliferation 
on silk films with efficiency comparable to collagen, and better than 
polystyrene [34, 35]. Silk films have been generated from reprocessed silk 
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fibroin solution using different approaches to control its structure (crystalline 
content) and mechanical properties [36, 37]. These films have also been 
chemically modified with cell adhesion peptides (RGD) or cytokines (BMP-2, 
PTH) to improve cell adhesion and differentiation to specific tissue outcomes 
such as bone [38-40].  
Other forms of silk materials such as porous silk scaffolds have been 
created from regenerative silk fibroin solution using various approaches, such 
as freeze-drying, salt leaching, and gas foaming [41, 42]. These scaffolds have 
been used in a variety of tissue engineering studies, including cartilage, bone, 
and breast tissue [42]. Nanofibrous silk scaffolds generated via 
electrospinning, have been studies for bone regeneration and artificial skin 
grafts [43]. Along these lines, tubular silk scaffolds have been recently 
fabricated using electrospinning technique, and preliminarily evaluated for 
mechanical properties as small-diameter vascular grafts [44]. These scaffolds 
displayed promising mechanical characteristics in terms of resistance to 
arterial pressure and comparable tensile strength to native vessels, making 
them an attractive scaffold material for vascular tissue engineering.  
1.4 Functionalization of silk with nanoparticles: novel materials 
Functionalize silk fibroin with nanoparticles is recently an intense 
focus of research interest in order to create novel silk-based materials with 
advanced properties such as magnetic, electronic, and optical behaviors. The 
combination of the unique characteristics of nanoparticles with silk fibroin can 
offer many exciting applications for specific demands. For example, silver 
nanoparticles were deposited on silk fibers via different preparation 
approaches including in situ reduction, ultrasonication-assisted and UV-
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assisted reduction [45, 46]. Using the same method of in situ redox reaction, 
gold nanoparticles were also formed as a coating layer on silk fibroin surface 
[47, 48]. With the interesting electronic and optical properties, the Ag- and 
Au- coated silk showed promising applications as a functional textile and 
humidity/vapor sensor. In addition, the antibacterial effect of Ag nanoparticles 
provides great advantage for Ag-coated silk in biomedical applications. 
Fluorescent spider silk were prepared by dip-coating of silk fiber with 
cadmium sulﬁde (CdS) particle suspension [49]. Titanium dioxide 
nanoparticles were well dispersed within a fibroin matrix to form a composite 
silk fibroin film [50]. The composite film not only showed a remarkable UV 
protection property but also expressed an improvement in the mechanical 
properties. Magnetite nanoparticles were coated on spider silk surface in order 
to make silk fiber responsive to an external magnetic field [49]. With 
extremely high toughness, magnetic spider silk can be integrated into devices 
involved with audio reproduction. 
1.5 Objectives and scopes of this thesis: 
 As self-assembly turns out to be one of the most important process in 
silk fibrous materials, including silk fibroin hydrogel, this thesis aims at 
unravelling the gelation mechanism of ultrasonication-induced silk fibroin 
hydrogel. Based on the fundamental understanding obtained, the second aim 
of the thesis will be focused on the engineering of the hydrogel network 
structure which is closely associated with its macroscopic properties. The final 
objective of the thesis is to investigate the interaction of silk fibroin molecules 
with magnetic nanoparticles, in order to create novel magnetic silk-based 
materials with controllable properties 
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 The organization of the thesis is as follows. Chapter 1 has already 
given a brief overview of silk fibroin structure and the related forms of silk-
based materials. In chapter 2, experimental methods are described in details. In 
chapter 3, we provide a solid understanding of the self-assembly kinetics, i.e. 
gelation pathways and the physical origins of a self-assembled silk fibroin 
hydrogel system induced by ultrasonication method. Detailed characterization 
of the early-stage, nanostructure evolution from the initial stages of 
nanofibrillization to the formation of a hierarchical hydrogel network was 
carried out. The changes in secondary structure due to the self-assembly of 
silk fibroin proteins will be linked to the growth of nanofibrils and subsequent 
changes in viscoelastic properties due to formation of a multi-domain network.  
By understanding the gelation process of silk fibroin under the influence of 
ultrasonication, we are able to propose several methods to tune the hydrogel’s 
stiffness, which will be shown in chapter 4. Chapter 5 reports different 
functionalization strategies of silk-based materials with magnetic 
nanoparticles. Chapter 6 summarizes the main results of the thesis and 




















2.1 Rearing of silkworm: 
Bombyx Mori eggs were obtained from Liang Guang II (Guangxi, 
China). By keeping at 60% RH and 28oC, most of the eggs hatched into larvae 
within a week. The growing larvae were subsequently fed by an exclusive diet 
of mulberry leaf paste and grow into various developmental stages (first to 
fifth instar phase) over the following 6-8 weeks. At the last larvae stage (fifth 
instar), silkworms spun silk fibers to form cocoons and entered into the pupa 
phase of their life cycle. 
Cocoons are collected and the larvae were sacrificed by placing them 
in an oven at 110oC for two hours following by another hour at 80oC. The 
cocoons are stored in a dry cabinet (30% RH and 24oC) until further 
processing. To reel silk fibers, the cocoons are first immersed in boiling water 
for one minute followed by room temperature water for the same time and 
repeating the cycle for one more time. The cocoons are then immersed in 65oC 
water bath for 15 mins.  As they are unglued, the fibres reeled onto a rotator 
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wheels, each thread containing two fibres. The process of degumming and 
fibre collection is followed by washing the threads in one litre of boiling mild 
alkaline solution consisting of 5 grams of sodium hydrogen bicarbonate for 20 
mins for two times and rinsing the silk fibers in each interval with 65oC water. 
These procedures will clean the raw silk from the remaining sericin and other 
contaminations. 
2.2 Rheological measurement and fractal analysis 
Materials exhibit both viscous and elastic behaviors when they are 
subjected to deformation. Namely, when a stress is applied, a viscous material 
resists shear flow and strain linearly with time, while an elastic material resists 
instantaneously. Rheological measurement often regards to the 
characterization method of the viscoelasticity of materials. A rheometer is 
often used to study dynamic mechanical properties of viscoelastic materials by 
applying a small oscillatory stress and measuring the induced strain. 
When a sinusoidal shear strain γ = γ0 sin(ωt) of  amplitude γ0 and 
frequency ω is imposed on a viscoelastic material,  the stress response is given 
by 
 ( ) =   ( )   sin(  ) +  
  ( )   cos(  )															(2.1) 
In Eq. 2.1, the in-phase coefficient G’ represents the elastic modulus 
and the out-of-phase G” represents viscous modulus of the viscoelastic 
material. As G’ represents the amount of stored energy and G” represents the 
dissipitated one, they are also called storage and loss modulus, respectively. In 
this thesis, we frequently characterized the ultrasonication-induced silk fibroin 
hydrogels by carrying out the time-sweep experiments. In brief, a small 
sinusoidal strain of constant amplitude and frequency was imposed on the 
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sample and the evolution of its response in terms of G’ and G” is measured as 
a function of time. By observing the change of G’ and G” over time, the 
gelation point of the sample can be defined.  
2.2.1 Avrami Analysis of Crystallization Kinetics based on rheological 
data 
Most of the structure of fibrous networks of supramolecular materials 
have the typical characteristic of the Cayley fractal tree (i.e., self-similar in a 
certain range of length scale). One of the most important defining parameters 
of a fractal object is its fractal dimension Df [51]. The Avrami theory was 
developed to describe the nucleation and growth of polymer crystals [52]. 
Considering that the formation of fibrous network is also controlled by 
nucleation and growth, Liu and Sawant developed a method based on Avrami 
theory to determine the fractal structure of nanofiber networks within 
organogels, by replacing the Avrami exponent which denotes the dimension of 
growing fractal aggregates [53]. 
Fractal structures are self-similar in which the two-point density-
density correlation function and their essential geometric properties are 
independent of the length scale. In a d-dimensional space, fractal structures 
can be characterized by fractal dimension Df . The radius of gyration R of such 
a pattern is related to the number (N) of particles or segments it contains by  
N ~ RDf   (2.2) 
A uniform object has Df = d, while for more open structures in which the 
density decreases with distance from the center, Df < d. Taking into account 
the fact that the formation of fibrous networks is controlled by nucleation and 
growth, this analysis method is based on the famous Avrami equation, which 
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was developed to describe the nucleation and growth of bulk crystals. It has 
the form 
Ln[1-Xcr] = -k0t
d     (2.3) 
Where k is a constant, t is time and d denotes the dimension of the bulk 
growing crystals in the system. d equals to 1, 2 and 3 for 1D (or rod-like), 2D 
(or plate-like), and 3D (or spherical) growth, respectively. The crystallinity Xcr 
equals to φ(t)/ φ(∞), in which φ(t) and φ(∞) are the volume fractions of crystal 
at time t when t →∞. In the case of fractal growth, d should be replaced by the 
fractal dimension Df. Since the growth of fiber networks takes place only 
when the gelation occurs, t should be replaced by (t-tg), in which tg is the 
gelation time. 
Therefore, the Avrami equation for fractal growth of fiber network can be 
given as 
Ln[1-Xcr] = -k(t-tg)
Df    (2.4) 
Real time monitoring of the rheological changes has been 
demonstrated to be a simple and accurate method to follow the kinetics of 
fiber network formation. The crystalinity can be obtained from the elasticity of 
the material. According to Einstein’s relation, the volume fraction of 
suspended particles in a system can be correlated to its specific viscosity ηsp. 
















The viscoelasticity G* can be obtained from rheological measurements. 
According to equation (2.1) and 2.2), by plotting ln[ln[1-Xcr]] against (t-tg), a 
straight line can be obtained, the slope of which equals to Df. 
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2.3 Atomic force microscopy (AFM) 
AFM is a powerful technique to characterize the surface morphology 
of samples at a resolution down to atomic scale. The working principle of 
AFM is based on using a sharp probe to scan on the surface at very short 
distance. There are three major parts in the AFM: the scanning system which 
comprises the AFM cantilever tip and the laser light, the feedback system and 
the detector system. The AFM cantilever tip is controlled by the scanning 
system to scan across the sample surface. Based on the different deflection of 
the tip when it is scanning across the sample, different surface topography can 
be detected. The deflection of the tip is tracked by the laser beam and recorded 
by the detector system. There are two frequently used mode for AFM, which 
are contact mode and tapping mode. In the contact mode, the cantilever tip is 
always in contact with the surface of the sample, while in the tapping mode 
the cantilever tip is oscillating on the sample surface.    
2.4 Fourier transform infrared spectroscopy (FTIR) and analysis of 
the secondary structures 
FTIR is a technique which can be used to identify information about 
molecular structure of the measured substances. In principle, the molecules 
will absorb the infrared energy and create the infrared absorption spectrum 
when the bonds between them stretch and bend. Since the bonds formed from 
different atoms have distinct vibration frequencies, the created infrared 
spectrum can therefore be seen as the fingerprint of the molecules and used for 
identification and analysis. The core structure of FTIR spectrometer is the 
interferometer. The interferometer usually employs a beamsplitter to divide 
the incoming infrared beam into two optical beams: one reflects off a fixed flat 
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mirror, while the other reflects off a moving mirror. The two beams are 
combined when they transfer back to the beamsplitter before passing through 
the samples. The two beams have different phase and will interfere with each 
other. Since the moving mirror keeps changing its position, the resulting 
combined beam (interferogram) has information of every infrared frequency 
which is directly corresponding to the position of the moving mirror. In this 
way, all the frequencies can be measured simultaneously and thus can greatly 
reduce the time for experiment compared to the dispersive spectrometer. 
Finally, the measured interferogram will undergo the Fast Fourier 
transformation (FFT) by the computer to obtain the frequency spectrum which 
is used for later analysis and identification.  
 
Analysis of secondary structure using FTIR 
 




 In our study, FTIR was utilized to characterize the total content of β-
conformation including intra  β-sheets  and  β-crystallites [54]. As  shown  in  
Figure  2.1,  the  FTIR  spectra  were  fitted  into  peaks  for  various 
secondary  structures  including  side  chains,  β-sheets, random  coils,  helical  
conformation,  and  β-turns (listed on Table 2.1) . The total content of β-
conformation is determined by the ratio of the under area of β-sheets peaks to 
that of all secondary structures. 
Table 2.1: Vibrational band assignments in the Amide I region for B. Mori 
silk fibroin. Reproduced with permission [54]. Copyright © 2006, American 
Chemical Society. 
 
2.5 Wide angle X-ray diffraction and analysis of the crystallinity 
X-ray is an electromagnetic radiation having wavelength in the range 
of 0.1 nm. X-ray differaction techniques using a typical Cu source that emits 
x-rays at a wavelength λ = 1.54 Ǻ can probe structures of size in the range of 
0.1 to 150 nm. Smaller structures (0.1 - 1.0 nm) are probed by measuring 
scattering at larger angles (Wide Angle X-ray Scattering, WAXS) while larger 
structures (1 -100 nm) are detected by Small Angle X-ray Scattering, SAXS). 
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WAXS is a common technique that is used to determine the crystalline 
structure and the crystallinity in biomarcromolecules or polymers. The 
crystalline phase in the biomarcromolecules or polymers has distinct Bragg 
peaks arising from the diffraction of the X-ray. By applying the Scherrer 
equation as well as the curve-fitting process to the diffraction spectra, we can 
obtain the general structural information on the crystalline phase of the 
biomarcromolecules or polymers, i.e., the unit cell parameters, the crystalline, 
size and the crystallinity. 
The basic experimental setup for WAXD is shown in Figure 2.2. The 
rotating anode generates the X-ray beam of a characteristic wavelength which 
passes through the silk sample. The crystalline phase can cause diffraction to 
the X-ray beam and the resulted diffracation pattern is then recorded by the 
CCD (charge-coupled device detector). 
 
Figure 2.2: a) the Rigaku MicroMax-007 HF XRD, (b) the sample holder, 
freeze-dried sample undergoing XRD measurement. 
 
In a semi-crystallined material, both amorphous and crystalline phases 
exist. X-ray diffraction has been used as a quantitative method to determine 
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the crystallinity of this material. However, unlike in solid crystal, the 
diffraction patterns in silk materials (i.e. fibers and films) are broad and 
weakly expressed. Therefore, the percentage of crystalline phase calculated 
from the relative area under the crystal peaks for silk materials does not 
accurately reflect the crystallinity as for solid-state materials. However, the 
method can still be used to calculate a crystallinity index (rather than 
crystallinity), which is linearly proportional with the true crystallinity value. 





Where AC is the crystalline area and AA is the amorphous halo area in 
the diffraction pattern (Figure 2.3).  
 
Figure 2.3: XRD pattern of a representative ultrasonication-induced silk 
fibroin hydrogel sample. The crystallinity index was calculated by fitting the 
original XRD pattern (solid line) into four crystalline peaks and one 
amorphous halo. The four crystalline peaks are indexed as (010), (020), (210), 
and (211), according to Xu et.al, [14]. 
2.6 Scanning electron microscopy (SEM) 
SEM is a popular technique that is widely used in characterizing the 
surface morphology and the composition of different types of materials. The 
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electron beam generated by a heated tungsten wire is accelerated by the high 
voltage to pass through the condenser lens before interacting with the samples. 
Different interaction between the electron beam and the sample can produce 
different signals, i.e., secondary electrons, backscattered electrons and 
characteristic X-rays. These signals can provide different information about 
the samples. Secondary electrons can give information about the topography 
of the sample, backscatterd electrons can reveal the phase contrast in the 
samples, while characteristic X-rays can be used for element analysis. 
2.7 Mechanical test 
Compressive test: A strain-to-failure compressive test was used to 
measure the traditional material stiffness property, i.e. elastic modulus. The 
hydrogel samples were casted into a cylinder mould, and then cut in cylinder 
shape of 16 mm in diameter and 5 mm height. During the test, each hydrogel 
sample was compressed at an extension-controlled rate of 10 mm/min. The 
traditional elastic modulus of each sample was calculated from the 
corresponding stress-strain curve, which is defined as the slope of a tangency 
line at 5% strain. Triplicates samples were measured for each hydrogel. 




Figure 2.4: a) Instron Micro Tester (Model 5848) (inset: the clamp that holds  
the paper  frame). b) Illustration of silk fiber attached to the paper frame with 
fixed length of 20mm before the mechanical test. c) Illustration of silk sample 
under the mechanical deformation until fracture. 
 
The mechanical test is carried out on Instron Micro Tester model 5848. 
The testing method is illustrated in Figure 2.4. Single silk fiber was first fixed 
onto a paper frame using double sided tape. The paper frame was clamped 
onto the Micro Tester and then cut off before performing the mechanical test. 
The force resolution was 0.5% of indicated load, the position resolution was 
0.02 μm, and strain rate was 50% per minute. The whole tests were performed 





Self-assembling mechanism in 




Recently, there has been growing interest in the self-assembly of silk 
fibroin for potential biomaterial applications. However, silk fibroin gelation 
mechanism still is not fully understood. In this work, we report a study on the 
formation of the nanofibrillar network of regenerated silk fibroin induced by 
ultrasonication. The gelation process was monitored over time by using 
Atomic Force Microscopy (AFM), rheometry, Fourier Transform Infrared 
Spectroscopy (FTIR), and Wide Angle X-ray Scattering (WAXS). By 
correlating the morphological and structural evolution of the hydrogel 
network, the gelation was found to process through different stages involve 
with the formation of nucleation centers under the effect of ultrasonication, 
following by the growth and interconnecting of a multiple-domain networks. 
3.1. Introduction 
3.1.1 Nucleation-growth model in supramolecular soft materials 
Supramolecular soft materials, often consisting of self-assembled 
networks, possess both the elasticity of solids and the viscosity of liquids [55, 
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56]. Due to the viscoelastic nature, these materials have been used in various 
important applications such as drug delivery [57-59], fabrication of 
nanostructures [60, 61], scaffolds for tissue engineering [57, 62], and 
separation of macromolecules [63, 64]. For materials of this type, the 
mesoscopic networks determine the macroscopic performance of the 
materials. From the structural view, most soft materials have three-
dimensional (3D) hierarchical network structures, which are directly 
associated with their rheological and/or mechanical performance. It has been 
demonstrated that such physical properties can be drastically enhanced with 
the proper tuning of the hierarchical structures [55, 56, 65, 66].  
 
Figure 3.1: Types of network junctions in supramolecular soft materials 
classified based on the nature of the binding force. Transient junctions are 
formed by physical cross-over of fibers and permanent junctions are due to tip 
and side branching of fibers. Reproduced with permission [55]. Copyright © 




From microscopic scale to macroscopic scale, multiple levels of 
hierarchy are recognizable [55]. At the smallest hierarchical level, the primary 
structure of supramolecular soft materials is defined by type of connections 
between the gelator molecules. These connections, or junctions/nodes of the 
network, can be classified into two types: the transient and the permanent ones 
depending on the nature of the binding forces. The transient networks present 
when the fibers are entangled to form weak junctions, and consequently often 
result in the low rheological and mechanical properties. On the other hand, the 
networks with permanent junctions which are formed from fiber branching or 
covalent bonding often give rise to the stronger ones. These types of network 
junctions are illustrated in Figure 3.1. 
The hierarchically secondary structure of supramolecular soft materials 
refers to how the gelator molecules assembly to form edges (i.e the connection 
of junctions) such as fibers, rods, tubes, or sheets. For a fiber network, the 
storage modulus, G’, is directly associated with the secondary network 
structure and can be determined by an important parameter, the correlation 
length ξ. The correlation length ξ is defined as the average mesh size of the 
network, and for some case such as Caylay tree-like network it is exactly the 
length of the fibrous edges (Figure 3.2). It has been identified for several 
types of fiber networks that G’ decreases with the increase of ξ in a power law, 




Figure 3.2: Illustration of fiber networks commonly observed in 
supramolecular soft materials. a) Interconnecting fiber network with a mesh 
size ξ. b) Cayley tree-like network with a hierarchical structure. Reproduced 




Figure 3.3: Schematic illustration of two typical hierarchical networks: a) a 
multi-domain network, and b) a single-domain network. Reproduced with 




The interconnection of the edges leads to the tertiary structure of the 
network. In fibrous networks, there are two types of tertiary structure: the 
single-domain network and the multi-domain one as shown in Figure 3.3. The 
single-domain network, consisting of only one set of fiber network with a 
correlation length ξ, often has strong elasticity. In contrast, the multi-domain 
network is composed of a number of single-domain networks. The elasticity of 
the multi-domain network, therefore, depends on the domain-domain 
interaction which can be characterized by the inter-domain correlation length ζ.  
Recently, many studies have confirmed that the hierarchical network 
structures formed by molecular self-assembly in supramolecular soft materials 
are governed by a nucleation-growth process [53, 56, 63, 67, 68]. According 
to this mechanism, the formation of gel networks initiates from the primary 
nucleation of the gelators, followed by the subsequent growth and branching 
of the fibers (Figure 3.4). On the basis of this nucleation-growth model, one 
can imagine that the entire network is composed of a number of individual, 
smaller single-domain networks. Each of these single-domain networks is 
formed by a primary nucleation center. 
 
Figure 3.4: Nucleation-growth model of supramolecular soft material 
networks. The formation of the gel networks initiates from the primary 
nucleation center, followed by the subsequent growth of arms and branching 
of fibers. Reproduced with permission [55]. Copyright © 2010 Wiley-VCH 




3.1.2. Silk fibroin hydrogels 
Hydrogels are typical examples of soft materials which have been used 
widely for tissue engineering and cell therapeutic applications [69-73]. The 
high water content and the similarity in mechanical and structural properties of 
hydrogels make them useful in mimicking natural tissues and extracellular 
matrices (ECM). Up to date, a variety of synthetic materials and naturally 
derived materials have been used to form hydrogels. Generally from the 
mechanism point of view, gelation occurs when the polymer chains cross-link 
either chemically or physically to form the networks. These crosslinking 
processes can be triggered by various chemical reagents, i.e. cross-linkers or 
physical stimulants, i.e. pH, temperature, etc... Compared to hydrogels formed 
from synthetic polymers, naturally-derived hydrogels often outperform in 
terms of biocompatibility. However, the advantages of synthetic polymer 
hydrogels are the better controllable and reproducible properties through the 
use of specific molecular weights, block structures, and method of 
crosslinking.  
Among naturally-derived hydrogels, silk fibroin is of great interest 
thanks to its excellent mechanical properties, biocompatibility, and 
controllable degradation rates. The gelation process of silk proteins happens 
slowly at room temperature, and can be accelerated drastically via several 
routes, such as changing pH and temperature [74, 75], protein concentration 
[74, 76] or using alcohols, shear force [77], electric field [78], carbon dioxide 
[79] and ultrasound [29]. Generally, it is believed that during gelation, inter- 
and intramolecular silk fibroins are assembled into β-sheets via hydrophobic 
interactions and hydrogen bonds, resulting in a nanofibrillar cross-linked 
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network. However, a detailed understanding of the hierarchical network 
structure and its correlating mechanical properties is still lacking. 
 The sizes and structures of those silk fibroin nanofibrils vary upon 
different gelation methods. For example, Gong et al found that SF molecules 
form nanofibrils with cross- or parallel-β-sheet structure by adding ethanol or 
applying shear to the SF solution, respectively [80]. Holland et al. obtained a 
direct visualization of shear dependent silk fibrillogenesis [81], in which 
native silk proteins are able to spontaneously self-assemble, fibrillate and 
develop hierarchical structures upon controlled shearing. Morphological 
analysis of the fibrils indicates that they are aligned in the direction of shear 
and that the smallest observable structures were approximately 300 nm in 
diameter. Nagarkar et al. studied the gel structure over a range of length scales 
between about 10 nm and tens of microns, using a combination of light 
scattering and confocal scanning light microscopy and found that the gels 
consisted of micron size protein-rich particles that formed a connected 
network [76]. The particles were formed by random aggregation of fibroin 
proteins and had a self-similar structure which was characterized by a fractal 
dimension of about 2 at a length scale larger than 15 nm. Below this length 
scale the fibroin proteins form thin strands, which branch randomly to create 
the self-similar structures of higher length scales. 
Recently, a new ultrasonication-based method was developed and then 
used to accelerate the gelation of silk fibroin molecules in a controllable 
manner [29]. It was found that high-power ultrasound can physically induce 
the formation of silk fibroin β-sheet and lead to the formation of the hydrogel 
network. By changing ultrasonication time and power, gelation time could be 
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controlled from minutes to hours, which is of great enhancement for 
applications. However, to our knowledge, there have been only few studies 
aimed at clarifying the underlying gelation mechanism for the ultrasonicated 
RSF hydrogels. Here, we report a study on the morphology, structure and 
mechanical properties of the silk fibroin hydrogel induced by ultrasonicating. 
The result provides mechanistic insights into silk fibroin hydrogel assembly, 
which will allow further investigation into its potential for distinct 
applications.  
3.2. Experimental procedure 
3.2.1. Purification of silk fibroin 
Silk fibroin aqueous solutions were prepared from Bombyx mori 
silkworm cocoons. The cocoons were boiled for 40 minutes in an aqueous 
solution of 0.5 wt.% sodium hydrogen carbonate (NaHCO3) and then rinsed 
thoroughly with deionized water. After overnight drying at 40 oC, the 
degummed silk fibroin fibers were dissolved in an aqueous solution containing 
9.3 M LiBr (Sigma-Aldrich, USA) at 60 oC for 4 hours. The solution was 
dialyzed against deionized water using a cellulose dialysis membrane (MWCO 
6000-8000 Da, Spectra/Por, USA) for 2 days to remove the residual salts. The 
concentration of the obtained regenerated silk fibroin solution was roughly 6 
wt.%, determined by weighing the remaining silk solid after drying. 
Preparation of ultrasonicated-induced hydrogels 
An aliquote (3 ml) of silk fibroin solution was sonicated using a Vibra-
Cell sonicator (Sonics & Materials, VCX 750). The sonication time was varied 
from 30 - 120 seconds at 20 % power setting. 
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3.2.2. Characterization methods 
For the structural characterizations of silk fibroin hydrogel at different 
gelation stages, aliquots of silk fibroin solution (2 wt.%) were ultrasonicated 
for 60 seconds. Then the ultrsonicated silk fibroin samples were left at room 
temperature (23 oC) for different period of time, i.e. 1 min, 1 h, 3 h, and 20 h 
before being freezed by using liquid nitrogen. Subsequently, those samples 
were transfer into a vacuum-pumping chamber at -80 oC for 72 hours. After 
freeze-drying, silk fibroin xerogels were examined in terms of 
micro/nanostructure by using Scanning electronic microscopy (SEM, JEOL 
JSM-5600LV). The crystal structure of the samples was characterized by 
using a Fourier transform infrared spectrometer (Nicolet 380) and a Wide 
angle X-ray scattering system (X-treme 2000, Rigaku). FTIR spectra were 
collected using Nicolet 380 FTIR spectrometer at a resolution of 4 cm-1 
averaging over 256 scans. The beta-sheet fractions of the freeze-drying gels 
were determined by using Fourier self-deconvolution method for the infrared 
absorbance spectra [54]. 
AFM imaging was carried out on a Veeco Dimension 3000 using 
tapping mode (1.0 Hz) in air. For solution samples, 100ul fibroin solution was 
dropped on the freshly peeled mica surface which has been modified with 3-
aminopropyltriethoxysilanes (APTES) to enhance the adhesion of nanofibrils. 
After 5 minutes incubation, remanent solution was removed gently with de-
ionized (DI) water, and the mica surface with absorbed nanofibrils was dried 
with nitrogen gas blowing. The AFM cantilevers had a spring constant of 40 
N/m, with which protein structure would not be deformed during scanning. 
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Rheological measurements were performed with an advanced 
rheological expansion system (ARES, Rheometric Scientific), using a cone-
and-plate geometry with a diameter of 25 mm and a cone angle of 0.04 Rad. 
The measurements were carried out at a frequency of 10 Rad/s and a strain of 
1 %. To prevent silk fibroin samples from evaporation, mineral oil was 
employed to seal the gap between the plates (0.5 mm). 
3.3. Results and discussion 
 The gelation kinetics of ultrasonicated RSF solution was monitered by 
rheological characterization. In a typical experiment, 3 ml aliquot of 2% RSF 
solution was sonicated for a desired period of time. After ultrasonication, RSF 
solution was immediately transferred to the ARES rheometer for the 
rheological characterizations. Figure 3.5a shows the time evolution of the 
storage modulus, G’, of 2% (wt/v) RSF solutions after being ultrasonicated for 
different times ranging from 30s to 120s. After a delay, a sudden increase of 
G’ which indicates the formation of three-dimensional network was observed 
in the time evolution curves for all ultrasonicated samples. The gelation time 
of the RSF solutions (tg), defined as time needed to reach the inflection point 
on storage modulus-time curve, were found to decrease exponentially with 
sonication time (Figure 3.5c). Interestingly, two regions were distinctly 
observed on the G’-t curves for all samples, in which G’ increased gradually 
prior to the gelation point and followed with a rapid increase of several orders 
of magnitude after that (Figure 3.5b). Obviously, rheological characteristic is 
significantly affected by ultrasonication time. The first increase in the G‘-t 
curve might correspond to the formation of nucleation centers and the growth 
of single-domain networks afterward, while the second rapid increase 
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corresponds to the interconnecting or merging of single networks into multi-
domain networks. Moreover, it was noticed that the initial value of G’ and G” 
of the ultrasonicated samples also increased with ultrasonication time (Figure 
3.5d). This can be understood that the longer duration of ultrasonication led to 
a higher number of nucleation centers, which resulted in a solution with higher 
viscosity (i.e. G’ and G”). 
 
Figure 3.5: Rheological properties of 2% (wt/v) RSF solutions after being 
ultrasonicated for different times from 30s to 120s. A) and B) time evolution 
of the storage modulus, G’. C) Dependence of gelation time, and D) initial 




Figure 3.6: AFM images of RSF silk fibroin solution at different gelation 
stages: a and b) fresh solution before ultrasonication, c) right after 
ultrasonication, and d) 30 minutes after ultrasonication. The RSF 
concentration was 0.04% (wt/v) and the ultrasonication time was 30 seconds. 
Size of the images: a,c-d) 5 µm, b) 2 µm. 
 
Figure 3.6 shows the AFM observation at different growing stages of a 
0.04% (wt/v) RSF solution which was ultrasonicated for 30 seconds. 100 μl 
RSF solutions were dropped on the freshly peeled mica surface modified with 
3-aminopropyltriethoxysilanes (APTES) to enhance the adhesion of the 
fibroin. As shown in Figure 3.6a, the fresh RSF sample showed the form of 
rod-like particles with diameter ranging from 5 to 10 nm. Concerning the 
spatial conformation of SF molecules, there is a significant variation in the 
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reported sizes and shapes due to different protein purification methods 
between research groups. While the sizes of regenerated silk fibroin molecules 
are ranging from a few to several hundred nanometers [30, 82], two different 
types of shapes have been reported, which are rod-like [30] and 
micellar/globular [5]. In contrast to the rod-like shape of fresh RSF molecules, 
aggregates of short and thin fibrils were found in the as-ultrasonicated solution 
(Figure 3.6c). Over time, those aggregates grew into longer and thicker fibrils 
and entangled into distinct single spherulite networks which are marked with 
the dotted circles in Figure 3.6d.  
This AFM observation is in good agreement with the rheological data 
shown previously, in which two distinct stages in the gelation process were 
found. One can suggest that in this case of ultrasonication-induced gelation, 
RSF molecules aggregated into nucleation centers when ultrasound was 
applied. Following the formation of nucleation centers, the fibroins continued 
to assembly, resulting in the growth and branching of nanofibrils and the 
creation of single-domain networks. At this stage, the growth of those single-
domain networks is associated with the initial increase of the storage modulus 
on the G’-t curve (Figure 3.5b). The second increase of G’, which is much 
more drastic, happens when the single-domain networks have grown big 
enough and interact or joint together into the bulk network. 
Figure 3.7a shows the Avrami plots obtained from the rheological data 
(G’-t curves) of RSF samples with different ultrasonication time. From the 
slopes of the plots, the fractal dimension (Df) of the hydrogels were calculated. 
The value of Df increased linearly from 1.1 to 1.5 when the ultrasonication 
time increased from 30 sec to 120 sec (Figure 3.7b). This implied that under 
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longer exposure to ultrasonication, the silk fibroin hydrogel network would 





Figure 3.7: a) The dependence of ln(-ln(1-Xcr(t))) on ln(t-tg) of silk fibroin 
hydrogels induced with different ultrasonication times. The fractal dimension 
(Df) is given by the slope of the linear fitting plot. b) The dependence of Df on 
ultrasonication time for RSF hydrogels. 
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It has been observed in the literature that at low concentration, silk 
fibroins nanofibrils tend to grow in one dimension without branching (i.e. long 
fibrils). The fractal dimension Df of a gel gives useful information about 
structure and mechanism of gel formation. Nagarka et al. use small angle x-ray 
scattering and static light scattering to observe the gel structure over different 
size range [76]. It was found that at the length scales of 6-15 nm, the RSF 
hydrogels have a fractal dimension of about 1. However, at larger length 
scales of 10 nm to 1 µm, the hydrogels showed a similar structure with a Df of 
2. This suggests that RSF hydrogel network could be composed of thin rod-
like aggregates (one dimensional structure) below 10 nm. And random 
branching (or interconnecting) of these rod-like strands happened at larger 
length scale. 
To investigate the crystal structure of the nanofibrils, the hydrogel 
were dropped between two capillary glass tubes with the ends sealed with 
wax. The solution was air dried and the nanofibrils were aligned along the two 
ends of the glass tubes by the effect of surface tension. XRD reflections were 
observed at 4.7 Ǻ and 9.4 Ǻ, corresponding to the interchain distance and 
intersheet distance, respectively (Figure 3.8). This suggests that the 




Figure 3.8: a) 2-D WAXS pattern of the ultrasonicated RSF hydrogel. b) 1-D 
WAXD patterns along equatorial and meridional direction. 
 
To enable a direct link between microstructural changes and 
rheological behaviour of the ultrasonication-induced hydrogels, structural 
characterizations were carried out at different gelation stages of the 
ultrasonicated-induce hydrogels. Firstly, hydrogel samples (2% w/v) were 
induced by applying ultrasonication for one minute, which resulted in a 
gelation time of about one hour. Sequentially, four gelation stages were 
identified based on the evolution curve of the storage modulus as shown in 
Figure 3.9a: i) nucleation stage right after ultrasonication at 0h, ii) pre-
growing stage from 0 – 1h prior to the gelation time, iii) growing stage from 
1h – 3h, and iv) maturing stage from 3h – 20h. Hydrogel samples of such 
stages were freeze-dried and subjected to the morphological characterization 
(SEM) and structural characterizations (FTIR and WAXS).  
Figure 3.9b shows the SEM micrographs of the freeze-dried samples. 
Right after ultrasonication, freeze-dried silk fibroin sample showed a network 
structure consisted of microfibers and particles. A porous structure was found 
for the morphology of sample 1h. For sample 3h, some nanofibrils appeared 
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and the porous size was bigger than that of sample 1h. The nanofibril density 
increased with time, and for sample 20h, those nanofibrils formed a cross-
linked network structure. The thickness of those nanofibrils is 30-50 nm which 
is in a good agreement with the AFM observation described above. 
 
Figure 3.9: a) Four gelation stages on the time evolution curve of storage 
modulus of ultrasonication-induced hydrogel. The hydrogel of 2% wt/v was 
ultrasonicated for one minute. B) SEM images of freeze-dried RSF hydrogel 
taken according to the four gelation stages: (i) immediately, (ii) 1h, (iii) 3h, 






Figure 3.10: a) FTIR spectra and b) WAXS patterns of freeze-dried RSF 






Table 3.1. The structural conformation fraction of freeze-dried samples 
treated with ultrasound for 1 min. 
Sample Fraction of secondary structural component (%) 
β-sheets Random coils α-helices turns 
0 h 19 34 8 24 
1 h 29 29 7 22 
3 h 36 25 5 19 
20 h 40 23 4 17 
 
Structural changes of sample 0h, 1h, 3h and 20h were determined by 
using FTIR and WAXS (Figure 3.10). The fractions of the secondary 
structural conformations including β-sheets, random coils, α-helices, and turns 
were calculated by using Fourier self-deconvolution method for the infrared 
absorbance spectra [83, 84]. A clear shift of peak position was recognized in 
the Amide I region of the FTIR spectra which indicated a significant change in 
the secondary structure of the ultrasonicated sample over time (Figure 3.10a). 
Detailed calculation revealed that the β-sheet content of the 20-hour forming 
silk fibroin xerogel increased from 19 % to 40 %, while the contents of 
random coils, α-helices, and turns decreased from 34 % to 23 %, 8 % to 4 %, 
and 24 % to 17 %, respectively. These structural changes were confirmed by 
XRD results (Figure 3.10b). The XRD patterns showed an obvious increase 
of β-crystal content which was characterized by the relative increase in the 
signal density of the diffraction peaks at 2θ values of 20.2o and 24.6o. The 
calculated β-sheet fraction and crystallinity index of the samples are listed on 
Table 3.1. At the initial stage where single-domain networks are formed and 
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grown (0 – 3h), we observed a slow increase of β-crystal and a fast increase of 
β-sheet, as shown in Figure 3.11a. This implies that after sonication, not all of 
the forming β-sheets were joined into β-crystal. However, at the 
interconnecting stage of the single networks (1h – 3h), a drastic increase in the 
fraction of β-crystal was noticed compared to the slow increase of β-sheets. 
More interestingly, the crystallinity index showed a good correlation with the 
storage modulus over time (Figure 3.11b). This indicated that the 
crystallization process was relating to the interconnecting of the nanofibrillar 
networks. And most probably the mutually exclusive region between two 
adjacent single domains was formed by staking of β-sheets into β-crystals, 
which served as the joints in the hydrogel network. In short, the growth of 
nanofibrils was associated with β-sheet formation, while the interconnecting of 
networks might be originated from the stacking of β-sheets into β-crystals. 
The development of the nanofibrilar network through nucleation-growth is 














Figure 3.11: a) Time dependence of β-sheet fraction and β-crystallinity index. 




It is generally accepted that at a high-enough intensity, ultrasound can 
generate micro-bubbles (or cavities) in the media [85-87]. By forming and 
collapsing in a very short period of time, those bubbles can release a shock 
wave which can generate such extreme conditions with a local temperature of 
up to 4200 K and pressure of 975 atm [86]. Not only interact mechanically, 
ultrasound also can initiate the formation of radicals in the solution (•OH and 
•H for water) which are the bases for the chemical reaction in sonochemistry 
[87]. In this regards, one can expect that under the application of ultrasound, 
primary nucleus were formed randomly in the RSF solution. Subsequently, 
nanofibrils were grown to form individual single (spherulite) network. When 
growing large enough, the single networks could interconnect and/or 
interpenetrate into each other to form the interacting multidomain hydrogel 
network, which resulted in a drastic increase of the storage modulus. The 
number of primary nucleus is proportional to the ultrasonication energy, i.e. 
ultrasonication time and power, therefore a longer exposure time of 
ultrasonication will induce the formation of more nucleus in the solution, 
which results in a higher initial G’ and a faster formation of the hydrogel 
network. In this regards, the gelation pathway of RSF silk fibroin is believed 
to follow the nucleation-growth model, which was illustrated in Figure 3.12. 
Generally, there are four stages involved in this process: (i) formation of the 
nucleation centers by ultrasonication, (ii) growth of nanofibrillar single-
domain network, (iii) formation of the interconnecting network, and (iv) 




Figure 3.12: Illustration of the formation of nanofibrillar network at different 
gelation stages. 
   
3.4 Conclusions 
We revealed the evolution of the RSF fibrillar network at different 
stages through morphological and structural investigations. Under 
ultrasonication, RSF gelation was found to process through different stages. At 
first, ultrasound can initiate nucleation centers consisting of aggregrations of 
short and thin nanofibrils, following by growing and branching of those 
nanofibrils to form single spherullite network. Finally, those networks 
interpenetrate into an entangled hydrogel network. The crosslink process has a 
strong correlation with, and perhaps driven by the formation of silk fibroin β-




















As mentioned, in many cases the macroscopic properties of 
mesoscopic materials are determined by the structure of three dimensional 
(3D) crystal networks. In general, crystal networks having permanent 
junctions can either occur in a predominent single phase (i.e. biominerals), or 
as a multi phase (i.e. the solid/liquid) coexistant entity (i.e. a molecular gel). In 
the latter case, the crystallite networks can effectively entrap and immobilize 
liquid in the meshes. This will give rise to soft materials which will behave 
like self-supporting soft solids. 
Figure 4.1 illustrates three typical hierarchical structures: (a) a multi 
domain system, the domain-domain interaction is weak or zero; (b) a single 
domain system; (c) a multi domain system, the domain-domain interaction is 
strong or infinite. In most cases, a soft material does not only consist of a 
single fiber network, but a collection of disjoint individual networks. A unit 
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volume of a soft material consists of a number of fibrous/crystalline networks, 
and each of which can be considered as a single network (Figure 4.1b). A 
group of single networks will form a higher level of networks. Such a 
collection is denoted as a multi-domain network (or domain network), in 
which the “nodes” of a multi-domain network are the individual crystal 
networks. The “links” between the individual crystal networks are the physical 
contacts or weak interactions between neighboring crystal networks (Figure 
4.1a). Materials with domain networks behave much differently from those 
with single fiber networks. The mechanical strength of a material with a multi-
domain structure is determined by the "links" between the domains and the 
nodes of the crystalline networks as well as the synergy between the different 
levels of networks.    
 
Figure 4.1: Schematic illustration of three typical hierarchical networks: (a) a 
multi-domain network with weak domain-domain interaction; (b) a single-
domain network; (c) a multi-domain network with strong domain-domain 
interaction. Reproduced with permission [14]. Copyright © 2014, the Royal 





In reality, the systems with single-domain networks are seldom found, 
and most systems are of multi-domains. Among the multi-domain systems, the 
weak-interacting multi-domain networks (Figure 4.1a) normally have lower 
mechanical properties than the single domain materials. The strong inter-
domain interactions may give rise to stronger hierarchical networks (Figure 
4.1c), and stronger materials.  
The typical macroscopic behavior of soft materials to be governed by 
the hierarchical network structure is the rheological and mechanical properties. 
The rheological property is often characterized by the complex modulus G* = 
[(G’)2 + (G”)2]1/2, where G’ denotes the storage modulus (describing the 
elastic property), and G” denotes the loss modulus (describing the viscosity 
property), respectively. For crystal networks, the connections, or junctions of 
the crystallites can be classified into two types: the transient and the 
permanent ones depending on the nature of the binding forces. The transient 
networks occur when the crystallites are entangled to form weak junctions, 
and consequently often result in the lower rheological and mechanical 
properties (Figure 4.1a). On the other hand, the crystal networks with 
permanent junctions which are formed by fiber branching and strong 
entanglement (i.e. silk fibers, as illustrated in Figure 4.1c), often gives rise to 
a much stronger one. 
As mentioned in Chapter 3, the storage modulus of a single-domain 
network, G’, is directly associated with the secondary network structure and 
can be determined by an important parameter, the correlation length ξ. 
Similarly, the rheological property of a multi-domain network depends on the 
domain-domain interactions, and the inter-domain correlation length ζ.  If the 
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domain-domain interactions are weaker than the crystallite-crystallite 
interactions of crystal networks, the relationship between the storage modulus 
of the multi-domain network G’domain and the inter-domain correlation length ζ 
will follow the power law G’domain = ζ
-r (L>= ζ > ξ) as illustrated in Figure 4.2 
(G’fiber is the storage modulus of the single-domain network). In other words, 
the storage modulus of the multi-domain network would decrease with the 
domain density (L/ ζ)3, where L is the length of the system.  
 
Figure 4.2: Illustration of the transition of the G’ of a material from G’fiber to 
G’domain. Reproduced with permission [55]. Copyright © 2010 Wiley-VCH 
Verlag GmbH & Co. KGaA, Weiheim. 
  
In many supramolecular soft materials, formation of the hierarchical 
network is identified to occur via instantaneous nucleation, followed by one-
dimensional growth and branching of fibers [88-91]. According to this 
nucleation-growth model, subsequent to the primary nucleation and one-
dimentional growth of individual fibers, branching of the fibers would be an 
alternative way to initiate the formation of a tertiary network structure. The 
structure of a fiber network can be manipulated by controlling either the 
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primary nucleation rate or the branching of the fibers [56, 60, 63, 68]. The 
primary nucleation rate determines the total number of single fiber networks in 
a certain gel volume while the branching density determines the correlation 
length and pore size of the fiber network. For a single fiber network, the 
branching density is the most important factor in determining its macroscopic 
properties while the size of the individual fiber network is more important for 
a multi-domain network. In a multi-domain fiber network, the number of the 
individual fiber networks in a unit volume is determined by the primary 
nucleation rate of the gelator, with each individual fiber network originates 
from a nucleation center. On the basis of the nucleation-growth mechanism, 
the elasticity of the soft material can be improved by converting the small 
single fiber networks into bigger ones by reducing the primary nucleation. 
This will reduce the boundary area between single fiber networks and 
therefore can enhance their interactions, resulting in a stronger network. This 
strategy of engineering fibrillar network is illustrated in Figure 4.3. In this 
scheme, the density of nucleation center can be controlled by producing 
hydrogel at higher temperature or adding suitable additives to shield active 
nucleation centers. As a result, hydrogels with lower nucleation density can 




Figure 4.3: strategy of engineering fibrillar network by controlling 
temperature or adding suitable additives. Reproduced with permission [55]. 
Copyright © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weiheim. 
 
 In this work a new strategy was explored to engineer the stiffness of 
the SF hydrogels. The central idea was based on the understanding of the 
gelation mechanism acquired from the result presented in chapter 3, which 
showed that the gelation of SF is most likely driven by the conformation 
transition of the fibroin from a random coil state to β-sheet structures. It is 
quite possible that the β-sheets/β-crystals of fibroin act as nuclei which drive 
the gelation and form the aggregates, following by growing and branching of 
the nanofibrils. This suggests that the SF solution can be seeded with the 
predefine number of nuclei in order to tune the gelation time, and therefore the 
macroscopic properties such as viscoelasticity. In this context three different 
methods were explored. In the first method we use different ultrasonication 
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time to change the number of initial nuclei. In the second method, the 
“seeding” technique using the ultrasonicated SF solution was adopted. And in 
the last method, we employed carbon nanotubes (CNTs) as the initial “seeds”. 
4.2 Experimental procedure 
4.2.1. Preparation of ultrasonicated SF hydrogels 
Silk fibroin aqueous solutions were prepared from Bombyx mori 
silkworm cocoons. The cocoons were boiled for 40 minutes in an aqueous 
solution of 0.5 wt.% sodium hydrogen carbonate (NaHCO3) and then rinsed 
thoroughly with deionized water. After overnight drying at 40 oC, the 
degummed silk fibroin fibers were dissolved in an aqueous solution containing 
9.3 M LiBr (Sigma-Aldrich, USA) at 60 oC for 4 hours. The solution was 
dialyzed against deionized water using a cellulose dialysis membrane (MWCO 
6000-8000 Da, Spectra/Por, USA) for 2 days to remove the residual salts. The 
concentration of the obtained regenerated silk fibroin solution was roughly 6 
wt.%, determined by weighing the remaining silk solid after drying. An 
aliquote (3 ml) of silk fibroin solution was sonicated using a Vibra-Cell 
sonicator (Sonics & Materials, VCX 750).  
Two dimensional cell attachment study 
 Human mesenchymal stem cells (hMSCs) were culture with hMSC 
growth media (PromoCell) on T-75 cm2 flasks. The cells were incubated in 
5% CO2 at 37 
oC with medium changing every 2-3 days subsequently. Cells in 
confluent state were ready for sub-culturing and the passage number of the 
cells was lower than 8 for the entire experiment.  
Silk fibroin solution was sterilized by using UV (exposed for 20 
minutes), following autoclave at 121 oC for 20 minutes and autoclave at 105 
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oC for 18 minutes. After sterilizing, a LB assay was performed to test the 
sterilization efficiency. Basically, a small amount of the autoclaved solution 
was put in 3-5 ml of LB medium for 3-4 days. The LB test showed that the 
silk fibroin solution autoclaved at 121 oC for 20 minutes was fully sterilized as 
there was no sign of bacteria growth in the LB medium, while the solution 
treated at lower temperature and by solely using UV were infected (Figure 
4.4). 
 
Figure 4.4: LB test result for silk fibroin solution autoclaved at different 
conditions. 
After ultrasonication, autoclaved RSF solution was added in a 24-well 
plate and left at 37 oC and 5% CO2 environment for 24 hours to form the 
stable hydrogels. The hydrogels were further incubated with hMSC growth 
medium (PromoCell) for four hours at 37 oC. Human mesenchymal stem cells 
(hMSCs) were seeded onto the hydrogels at cell density of 5×104 cells/cm2. 
The medium was changed every 2-3 days subsequently. At day 4, day 7, and 
day 14 of culture, cells were harvested by using Triple Express solution 




(Gibco). Cell counting was performed by using an automated cell counter 
(TC10). All the experiments were performed in three replicates.  
4.2.2. Preparation of “Seeded” SF hydrogels 
In this approach, we varied the nucleation density by mixing fresh silk 
fibroin solution with different volumes of an ultrasonicated solution of the 
same concentration (2% w/v). Firstly, 3 ml of silk fibroin solution was 
ultrasonicated for 30 seconds to induce the nucleation centers, i.e. seeds. 
Subsequently this ultrasonicated RSF solution was mixed with fresh RSF 
solution of the same concentration for different volume ratios (ultrasonicated 
solution to fresh solution) of 1:0, 1:1, 1:3 and 1:7. The nucleation density was 
varied by up to eight fold and those samples are denoted as sample 0x, 1x, 4x, 
and 8x, respectively.  
4.2.3. Preparation of CNT-SF hydrogels 
Functionalization of CNTs: the CNTs are long, multi-walled tubes 
received without purification from Chengdu Organic Chemicals. The 
specifications of the CNTs provided from the provider were diameter <8nm, 
length from 0.5 – 2 µm, and purity > 95%. However, the powder containing 
the CNTs has a lot of impurities which are in particle form as shown in Figure 
4.5 (the top SEM image). The untreated CNTs were hydrophobic and 
undissolvable in RSF solution. In order to purify the CNTs and make them 
hydrophilic, a treatment with HNO3 was applied. About 50 mg of CNTs were 
refluxed with HNO3 3M for 72 hours at 80
oC. The remaining undissolved 
powder was collected by using centrifugation. After the treatement, CNTs 
were hydrophilic and able to be redispersed into water to form a 0.24 wt.% 
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aqueous solution. The purification process is shown in Figure 4.5, the purified 
CNTs are shown in the lower SEM image. 
 
Figure 4.5: Purification of CNTs with HNO3. Before treatment, CNT powder 
contained a lot of impurity in the particle form and was undissolvable in water 
(top SEM image and inset). After treatement, the CNTs were purified and able 
to be dispersed in water (bottom SEM image and inset). 
 
Sample preparation: A series of SF/CNT hydrogel samples were 
prepared by the method employing ultrasonication. In those samples, the 
content of SF remains at 2 wt.%, and the content of CNTs increases from 0 - 
0.133 wt.% (as shown in Table 4.1). The mixture of SF and CNTs were 






















Table 4.1: RSF/CNT samples with different concentration of CNTs. 
Sample SF (5.4 wt.%) 
(ml) 




1 1.0 0.0 (0 mg) 1.7 
2 1.0 0.1 (0.24 mg) 1.6 
3 1.0 0.5 (1.2 mg) 1.2 
4 1.0 1.0 (2.4 mg) 0.7 
5 1.0 1.5 (3.6 mg) 0.2 
 
4.2.4. Characterization methods 
The crystal structure of the samples was characterized by using a 
Fourier transform infrared spectrosmeter (Nicolet 380) and a Wide angle X-
ray scattering system (X-treme 2000, Rigaku). FTIR spectra were collected 
using Nicolet 380 FTIR spectrometer at a resolution of 4 cm-1 averaging over 
256 scans. The beta-sheet fractions of the freeze-drying gels were determined 
by using Fourier self-deconvolution method for the infrared absorbance 
spectra [54]. 
Mechanical characterizations: Dynamic mechanical properties were 
measured using rheometer. Rheological measurements were performed with 
an advanced rheological expansion system (ARES, Rheometric Scientific), 
using a cone-and-plate geometry with a diameter of 25 mm and a cone angle 
of 0.04 Rad. The measurements were carried out at a frequency of 10 Rad/s 
and a strain of 1 %. To prevent silk fibroin samples from evaporation, mineral 
oil was employed to seal the gap between the plates (0.5 mm). The 
compressive tests were performed to measure the compressive modulus of the 
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hydrogels. The hydrogel samples were casted into a cylinder mould, and then 
cut in cylinder shape of 16 mm in diameter and 5 mm height. The compression 
rate was 10 mm/minute. 
AFM imaging was carried out on a Veeco Dimension 3000 using 
tapping mode (1.0 Hz) in air. For solution samples, 100ul fibroin solution was 
dropped on the freshly peeled mica surface which has been modified with 3-
aminopropyltriethoxysilanes (APTES) to enhance the adhesion of nanofibrils. 
After 5 minutes incubation, remanent solution was removed gently with de-
ionized (DI) water, and the mica surface with absorbed nanofibrils would be 
dried with nitrogen gas. The AFM cantilevers had a spring constant of 40 
N/m, with which protein structure would not be deformed during scanning. 
4.3 Results and discussion 
4.3.1 Concentration dependence of SF gel 
 The dependence of the hydrogel stiffness on the RSF concentration 
was assessed by rheological characterizations. Figure 4.6 shows the time 
evolution curves of the storage moduli for the ultrasonication-induced RSF 
solutions at different concentrations ranging from 0.5% to 4%. The RSF 
solutions were ultrasonicated for 30 seconds prior to the rheological 
measurement. Similar to most polymer networks, the increase in silk fibroin 
concentration resulted in the hydrogels with higher mechanical properties. As 
discussed in Chapter 3, the ultrasonication-induced gelation of silk fibroin was 
demonstrated to follow the nucleation-growth kinetics, in which the storage 
modulus (G’) of the hydrogel is associated with the correlation length (ξ) 
following a power law G’~ ξ–p. With the increase in gelator concentration, one 
can expect that the correlation length ξ will be reduced due to higher density 
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of the network and a power law in the relationship between storage modulus 
(G’) and concentration (C) can also be obtained. In this case of ultrasonicated 
RSF hydrogel, when G’ was plotted against RSF concentration, this 
relationship was identified as G’ = 0.37×C

















Figure 4.6: Time evolution curves of the storage moduli for the 
ultrasonication-induced RSF solutions at different concentrations ranging from 
0.5% to 4%. 
 
 
Figure 4.7: Power-law dependence of storage modulus on silk fibroin 








Figure 4.8: a) Avrami plots showing the dependence of ln(-ln(1-Xcr(t))) on 
ln(t-tg) of silk fibroin hydrogels of different concentrations. The fractal 
dimension (Df) is given by the slope of the linear fitting plot. b) The 
dependence of Df on RSF concentration. The hydrogels were prepared with a 
ultrasonication time of 30 seconds. 
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To further confirm the denser structure of the hydrogel network when 
the concentration was increased, Avrami plots were obtained from the 
rheological data (G’-t curves) and shown in Figure 4.8a. From the slopes of 
the plots, the fractal dimension (Df) of the hydrogels were calculated, from 
which the value of Df increased linearly from 1.24 to 1.38 when the 
concentration increased from 0.5% to 4% (Figure 4.8b). This implied that the 
hydrogel with higher RSF concentration might adopt a more branched 
structure and therefore exhibited a stronger network.  
It has been demonstrated in many hydrogel systems that varying 
concentration of gelators or adjusting crosslink density to change rheological 
properties is a commonly-adopted method [92-98]. However, silk fibroin 
gelation process is very slow even at elevated temperature. It limits the 
applications which require a faster-forming hydrogel. In the following sections 
of this chapter, we will show a strategy to tune the mechanical properties of 
silk fibroin hydrogels without varying the RSF concentration. 
4.3.2 Tuning hydrogel stiffness by using ultrasonication 
Dynamic rheological characterizations were adopted to investigate the 
influence of ultrasonication time on rheological properties of the hydrogels. 
Figure 4.9 shows time evolution of storage modulus for the 2 wt.% hydrogels 
prepared by ultrasonication for 5, 15, 30, and 45 seconds. As seen from this 
figure, the storage modulus G’ decreased with the increase of ultrasonication 
time. After 20 hours from ultrasonication, G’ of the sample ultrasonicated for 
45 seconds remain less than half of that for the sample ultrasonicated for 5 
seconds. It was also found that the gelation time was reduced in an exponential 
fashion from four hours to a few minutes for sample 5s and 45s, respectively 
65 
 
(Figure 4.10). This decrease in gelation time was observed in Figure 3.5c in 
Chapter 3 and one can see that there was a variation in the gelation point of the 
two set of hydrogels. This was due to the batch-to-batch difference in the 
purification of silk fibroin.  
 
Figure 4.9: Time evolution of storage modulus (G’) of RSF solution 
ultrasonicated for 5, 15, 30, and 45 seconds. 
 
 





Figure 4.11: AFM height images of ultrasonicated RSF solutions of different 
ultrasonication time: a) fresh solution; b) 5s; c) 15s; d) 30s; and e) 45s. Scale: 




AFM was applied to monitor the morphology of nucleation centers 
formed by ultrasound. In a typical experiment, after ultrasonication the RSF 
solution (2 % wt/v) was diluted with DI water to the concentration of 0.1 % 
wt/v. This low concentration of silk fibroin molecule would help to quench the 
growth process of silk fibrils in the solution. The 0.1 % wt/v solution was then 
dropped on an APTES-treated mica surface and incubated at room temperature 
for 5 minutes, following by washing with DI water to remove the remanent 
solution. Figure 4.11 shows the AFM images of RSF solutions right after 
ultrasonication for different periods from 5s to 45s. It was observed that the 
fresh RSF solution was consist of globular particles with diameters ranging 
from 5 nm to 10 nm (Figure 4.11a). After ultrasonication was applied, short 
rod-like fibers were found attaching on the mica surface instead of the 
globular particles (Figure 4.11b-e). Moreover, apart from the rod-like fibrils, 
aggregation clusters were aslo found with size and density increasing when the 
ultrasonication time increased. Obviously, those aggregates were the 
nucleation centers which were induced by the ultrasonication process.   
Figure 4.12 shows the SEM images of the freeze-dried hydrogel 
samples. The fibrous structure consisting of long and thin nanofibrils was 
observed in all the samples treated with ultrasound. Furthermore, the WAXS 
and FTIR characterizations showed negligible difference between the 
secondary structures and crystallinity of the freeze-dried samples (Figure 4.13 
and Figure 4.14, respectively). Interestingly, this means that the formation of 
β-sheet and β-crystal structures of the RSF hydrogels was not strongly 
influenced by ultrasonication. In other words, the hierarchical structure or the 
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interconnecting of single spherulite networks played a key role in adjusting the 
macroscopic properties of the hydrogels.  
 
Figure 4.12: SEM images of freeze-dried gels treated with different 








Figure 4.13: WAXS patterns of freeze-dried gels treated with different 




Figure 4.14: FTIR spectra of freeze-dried gels treated with different 




Based on nucleation and growth mechanism, the structure and the 
associating macroscopic properties of a fiber network can be influenced by 
controlling the primary nucleation rate and the branching kinetics of fiber 
growth. The primary nucleation rate is determined by the total number of 
single fiber network in a certain hydrogel volume, and the branching density is 
related to the correlation length and pore size of the fiber network. The 
branching density also determines the compactness of the individual fiber 
network and can be measured from the Avrami equation as mentioned 
previously. For a single fiber network, the branching density is most important 
in determining its macroscopic properties. It is generally understood that if the 
single fiber network has a lower degree of compactness, neighboring single 
fiber network can penetrate into each other to form interconnecting fiber 
network. On the other hand, more compact fiber networks contribute to the 
formation of multi-domain networks, and the size of the single fiber network 
is more important to the macroscopic properties. In this case of ulrasonication-
induced RSF hydrogels, it was obvious that ultrasonication has an important 
role in inducing the primary nucleation centers of the network. At a higher 
ultrasonication power or longer ultrasonication time, a higher number of 
primary nuclei can be formed, which leads to a higher number of single fiber 
networks. As the volume of the ultrasonicated RSF solution remained the 
same, one can expect that the size of the single network will be smaller with 
longer ultrasonication time applied. As a result, the final network formed from 
a higher number of smaller single fiber networks will have a lower storage 
modulus due to the increase in the interaction boundary area between the 
spherulites. In contrast, the fiber network with a lower density of nucleation 
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center, and therefore bigger size of single spherulite networks, will exhibit an 
improved elasticity because of the lower interconnecting boundary. This 
mechanism of network formation is illustrated in Figure 4.15. 
 
Figure 4.15: Schematic illustration of the influence of ultrasonication on the 
gelation process, network structure, and resulted viscoelasticity of the RSF 
hydrogel. 






4.3.3 Growth of hMSCs on RSF hydrogel with tunable stiffness 
It has been known that substrate stiffness is one of the main physical 
parameters which have influence on cellular behaviours such as proliferation, 
function, and differentiation [99-102]. For example, human mesenchymal 
stem cells (hMSCs) can sense the stiffness of the substrate and consequently 
differentiate into specific cell linages accordingly, i.e. early eurogenic, 
myogenic and osteogenic lineages when the cells were cultured on substrate of 
0.1 – 1 kPa, 8 – 17 kPa, and >34 kPa, respectively [102]. Hydrogels are soft 
materials which have been used widely for tissue engineering and cell 
therapeutic applications. Recently, engineering of hydrogel’s properties in 
order to meet the criteria for tissue engineering application are of interested. 
Several key factors for a rational design of hydrogels for tissue engineering 
have been listed, such as biocompatibility, biodegradability, capability to 
encapsulate bioactive agents while still allow nutrient diffusion, and suitable 
mechanical properties [103-107]. Therefore, it is of great interest to adjust the 
mechanical properties of hydrogels without affecting their beneficial 
characteristics for tissue engineering applications. In the conventional method, 
the mechanical properties of hydrogels can be engineered by adjusting gelator 
concentration. As our results shown above have demonstrated a novel way of 
tuning the mechanical properties of RSF hydrogels without changing RSF 
concentration, in the following section we will test the effect of this hydrogel 
with different stiffness on the growth of hMSCs. HMSC was chosen because 
of their prominent roles in tissue engineering due to their ability to 
differentiate into multiple cellineages, including osteoblasts, chondroblasts, 
adipocytes, neurons, skeletal myoblasts, and cardiac myocytes [108-113]. 
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Moreover, their proliferation and differentiation was found to be responsive to 
substrate stiffness [102]. Therefore, culturing of hMSCs on RSF hydrogel of 
tunable stiffness can give rise to important understanding about the effect of 






Figure 4.16: a) Compressive stress-strain curves, and b) Elastic moduli of the 
hydrogels prepared by different ultrasonication time ranging from 5s to 45s. 
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Figure 4.16 shows the compression test result of the hydrogels 
ultrasonicated for different period of time from 5s to 45s. The results showed 
that the hydrogel prepared by a longer ultrasonication time had a lower 
compression stress, but a higher compression strain. From the compression 
stress-strain curves shown in Figure 4.16a, the Elastic moduli of the 
hydrogels were calculated and represented in Figure 4.16b. With 
ultrasonication time increased from 5 seconds to 45 seconds, the elastic 
modulus of the hydrogel decrease from about 2 kPa to 0.5 kPa, respectively.
   
 
 
Figure 4.17: a) 2D proliferation of hMSCs on hydrogels of different stiffness. 
Results are shown as the average value ± standard deviation (n = 3). b-d) 





HMSCs were seeded on two hydrogels with different stiffness of 2 kPa 
(sample 5s) and 0.5 kPa (sample 45s). The proliferation rates of hMSCs 
growing on the two hydrogels are shown in Figure 4.17a. Figure 4.17b-d 
show the optical images of hMSCs on RSF hydrogel (0.5 kPa) at day 4th, day 
7th, and day 14th of culture, respectively. It was observed that hMSCs showed 
a better attachment on the stiffer hydrogel, as reflected from the higher 
number of cells at day 4th and day 7th of culture. Up to day 14th of culture, the 
number of cells on both the two hydrogels was comparable indicating that the 
confluent state had been reached.  
4.3.4 Tuning hydrogel stiffness by “seeding” 
In another approach, we varied the nucleation density by mixing fresh 
silk fibroin solution with different volumes of an ultrasonicated solution of the 
same concentration (2 wt.%). An aliquot of RSF solution was ultrasonicated 
for 30 seconds and subsequently mixed with fresh RSF solution at the ratios of 
1:0 (1x), 1:1 (2x), 1:3 (4x) and 1:7 (8x). Therefore the nucleation density was 
varied by up to eight fold among the samples. 
Figure 4.18 shows the time evolution of storage modulus of the 
hydrogels prepared with different seeding density. The rheological data shows 
that both gelation time and storage modulus of samples with lower nucleation 
density are higher than those of samples with higher nucleation density. 
Figure 4.19 shows the relationship between the final storage modulus and the 
domain density of the hydrogel samples. It was found that G’ decrease with 
domain density, following a power law: G’~N-0.43, where N is the total number 





Figure 4.18: G’-t curves of silk fibroin hydrogel with different dilution ratio: 
1x, 2x, 4x, and 8x. 
 
 
Figure 4.19: Dependence of storage modulus at 10h after gelation point on 





Figure 4.20: SEM images of freeze-dried RSF hydrogel with different 
dilution ratio: a) 1x; b) 2x; c) 4x; and d) 8x. 
 
The SEM images of freeze-dried RSF hydrogels with different dilution 
ratio are shown in Figure 4.20. However, the correlation length difference of 
the multi-domain network obtained by various seeding densities was not 
distinguishable. In fact, a similar fibrillar network consisting of nanofibrils 
were observed in all the freeze-dried samples.  
Based on the results obtained, it has become apparent that the 
formation of the ultrasonication-induced hydrogel network follows the 
nucleation-growth model and the rheological properties of the network is 
determined by the interaction between the single spherulite networks when 
they are forming the multi-domain hierarchical structure. As a result, the 
rheological and mechanical property of the hydrogel system can be tune by 
adjusting the primary nucleation density. The number of primary nucleus is 
78 
 
proportional to the ultrasonication energy, i.e. ultrasonication time and power, 
therefore a longer exposure time of ultrasonication will induce the formation 
of more nucleus in the solution, which results in a higher initial G’ and a faster 
formation of the hydrogel network. Directly varying ultrasonication power and 
exposure time, or diluting the ultrasonicated silk fibroin solusion can serve as 
novel stratergies to engineer hierarchical network structure and control 
mechanical/rheological properties of hydrogels. 
4.3.5 Enhancing hydrogel stiffness by adding of Carbon nanotubes 
(CNTs) 
CNTs and nanoparticles have been used as reinforcing agents to 
enhance the mechanical properties of hydrogels [114-118].  Composite 
hydrogels based on CNTs have been shown to enhance elastic modulus. For 
example, hydrogels consisting of CNTs and various polymers have been 
prepared with exceptional mechanical properties through hydrophobic and π-π 
interactions between the polymer chains and the CNT surface [119]. Besides 
improving mechanical properties, another advantage of using CNTs in 
hydrogel composite is also the capacity to create novel smart and 
multifunctional-responsive materials based on the unique optical and electrical 
of CNTs. 
In previous sections, our results have shown that the mechanical 
properties of RSF hydrogels can be adjusted by changing ultrasonication time 
or adding RSF seeds. Here, another strategy to tune the mechanical properties 
of RSF hydrogels is presented, namely by using CNTs as the external seeds. In 
our initial attempt, hydrophobic CNTs were mixed with RSF solution (2% 
w/v) and left at room temperature to monitor the gelation process. Figure 4.21 
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shows the photos of a vial containing CNT powder immersed in RSF solution 
and the same vial after 3 days in room temperature. The CNTs powder was 
gently added to the RSF solution to avoid any secondary structure transition or 
crystallization of silk fibroin induced by shearing. It was observed that after 3 
days, the RSF solution with CNTs transformed into hydrogel state, which can 
be recognized by the opaque color and the self-supporting characteristic. In 
contrast, the pure RSF solution still remained in the solution state. This means 
that CNTs indeed had effect on inducing the formation of RSF hydrogel, 
however this induction happened at a slow rate which makes the monitoring of 
gelation kinetics inconvenient.  
 
Figure 4.21: Photos showing the gelation process of RSF solution with the 
presence of CNT powders. After 3 days, the solution with CNTs turned into an 
opaque hydrogel with the self-supporting characteristic, while the pure 
solution still remained in the solution state. 
 
In order to reduce the gelation time to facile the characterization, 
hydrophilic CNTs were mixed with RSF solution at different concentration (as 
shown in Table 4.1) and ultrasonicated for 30 seconds. The rheological 
measurements of these samples are shown in Figure 4.22. As one can notice 
form the figure, the increase in CNT concentration resulted in an increase in 
storage modulus of RSF hydrogels, while the gelation time of all the samples 
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remained the same. Compared to the pure silk fibroin sample (2 wt.%), the 
storage modulus increased to 133.8% when 0.133 wt.% of CNTs was added. 
This increase is higher than in the case of increasing SF concentration, in 





















Figure 4.23: The increase in storage modules of CNT-RSF hydrogel 





Figure 4.24: SEM images of a) freeze-dried RSF hydrogel (2% w/v), and b) 
freeze-dried RSF (2% w/v) with CNTs (0.133% w/v) hydrogel. Scale bar: 500 
nm. 
 
 Figure 4.24a and Figure 4.24b shows the SEM images of freeze-dried 
hydrogel with and without CNTs, respectively. Both the two freeze-dried gels 
were observed with nanofibrillar nework structure, and it was not 
distinguishable the silk fibroin nanofibrils from CNTs.  
4.4 Conclusions 
 In this chapter, we have shown that silk fibroin hydrogel network can 
be engineered based on nucleation-growth kinetics. In particular, both varying 
the density of primary nucleation centers via ultrasonication and adding 
foreign seeds (i.e. CNTs) were resulted in the tunable mechanical properties of 
the hydrogel system. In the first engineering approach, both gelation time and 
hydrogel stiffness were tunable by adjusting the density of initial nucleation 
centers. More interestingly, the secondary and crystalline structures of the 
hydrogels were not affected. Moreover, hMSCs were found to have a good 
attachment and a higher proliferation rate on the hydrogel with a higher 
stiffness. In the second engineering approach, namely by adding foreign seeds 





Functionalization of silk-based materials 













Functionalize silk fibroin with nanoparticles is recently an intense 
focus of research interest in order to create novel silk-based materials with 
advanced properties such as magnetic, electronic, and optical behaviors. The 
combination of the unique characteristics of nanoparticles with silk fibroin can 
offer many exciting applications for specific demands. For example, silver 
nanoparticles were deposited on silk fibers via different preparation 
approaches including in situ reduction, ultrasonication-assisted and UV-
assisted reduction [45, 46]. Using the same method of in situ redox reaction, 
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gold nanoparticles were also formed as a coating layer on silk fibroin surface 
[47, 48]. With the interesting electronic and optical properties, the Ag- and 
Au- coated silk showed promising applications as a functional textile and 
humidity/vapor sensor. In addition, the antibacterial effect of Ag nanoparticles 
provides great advantage for Ag-coated silk in biomedical applications. 
Fluorescent spider silk were prepared by dip-coating of silk fiber with 
cadmium sulﬁde (CdS) particle suspension [49]. Titanium dioxide 
nanoparticles were well dispersed within a fibroin matrix to form a composite 
silk fibroin film [50]. The composite film not only showed a remarkable UV 
protection property but also expressed an improvement in the mechanical 
properties. Magnetite nanoparticles were coated on spider silk surface in order 
to make silk fiber responsive to an external magnetic field [49]. With 
extremely high toughness, magnetic spider silk can be integrated into devices 
involved with audio reproduction. 
Magnetic nanoparticles have been used in numerous biomedical and 
technical applications such as contrast agent for magnetic resonance imaging 
(MRI) [120], controlled release of drug [121], magnetic hyperthermia [122], 
microwave absorber [123], and removal of heavy ions from drinking water 
[124]. The combination of magnetic nanoparticles with silk materials therefore 
can open to a vast number of applications where highly-durable mechanical 
property, biocompatible advantage and magnetically-controllable 
characteristics are needed. In the previous chapters, we have demonstrated that 
silk fibroin itself can undergo a transition in conformational structure to self-
assembly into hydrogels. In this chapter, we will demonstrate our strategy in 
testing the interaction of silk fibroin with nanoparticles. We will show here for 
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the first time that using our simple approach by mixing aqueous soluble 
nanoparticles, several types of functional silk-based materials can be created.  
5.2 Experimental procedure 
5.2.1 Preparation of magnetic nanoparticles 
 Fe3O4 nanoparticles were prepared via co-precipitation method. A 
solution consists of 2.4 g of FeCl2.4H2O and 2.7 g of FeCl3.6H2O in 50 ml 
water were dissolved by 80 mmol NaOH solution at 90 oC under vigorous 
stirring. After half an hour of reaction, the precipitation was collected by using 
a permanent magnet and washed several times with DI water. In order to make 
a nanoparticle suspension, 50mg of Fe3O4 nanoparticle powder was dissolved 
in 25 ml water by using a high-power ultrasonic probe. The ultrasound power 
was kept at 25 W for 30 minutes. 
5.2.1 Preparation of magnetic silk fibers 
Degummed silk fibers and fabrics were immersed into the nanoparticle 
suspension for up to 20 hours. After that those samples were washed three 
times with DI water using an ultrasonic bath and finally left at room 
temperature to dry. Each elapsed time lasted five minutes. 
5.2.2 Preparation of magnetic silk particles 
Silk fibroin solutions were mixed with Fe3O4 suspension at different 
concentration ratio. Three samples were prepared with the weight ratio of silk 
fibroin to Fe3O4 are: 1:0; 6:1; and 6:5. Subsequently 5 ml of those mixtures 
were dissolved in 20 ml Potassium Phosphate 1.25M (at pH 6). The silk 
fibroin particles were then formed immediately, resulting in an opaque color 
of the reaction solution. After 1 hour of reaction, silk fibroin particles were 
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kept at 4 oC for 24 hours, and then were collected via centrifugation (30 mins, 
at 9000 rpm) and washed with DI water for 2 times. 
5.2.3 Characterization methods: 
 Mechanical tests were performed on an Instron 5848 MicroTester. The 
morphologies were observed using scanning electron microscopy (SEM, 
JEOL, JSM-6700F, Japan). Magnetic measurements were carried out by using 
a Vibrating Sample Magnetometer (VSM). For TEM characterization, the silk 
fibers were carefully dehydrated before embedded into resin. After 
successfully embedded inside a resin block, the samples were cut into very 
thin slices (smaller than 100 nm) using the Ultratom cutting system. After that 
these slices could be put on the copper grids and exposed to the Transmission 
Electron Microscopy. 
5.3 Results and discussion 
5.3.1 Coating of silkworm silks with magnetic nanoparticles 
 Magnetic nanoparticles (Fe3O4 and CoFe2O4) were prepared by the co-
precipitation method. Figure 5.1a shows the size distribution of a 
representative CoFe2O4 suspension prepared by applying high-energy 
ultrasonication to the nanoparticle powder for 30 seconds. Two main peaks of 
30-100 nm and 2 µm can be seen clearly in the size distribution plot of the 
nanoparticle suspension, which implied that the suspension actually consisted 
of 30-100 nm particles in majority. The 2-µm peak was corresponding to the 
big aggregations in the solution which could be further broken down with a 
longer ultrasonication time. The particle sizes were further verified with SEM 
and TEM characterizations, as shown in Figure 5.1b and Figure 5.1c 
respectively. From those images, one can see that the size of single 
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nanoparticle was ranging from 5-15 nm however several particles tended to 
aggregate into bigger clusters of 20-100 nm in the solution, and this was in a 
good agreement with the particle-sizer analysis shown in Figure 5.1a. 
 
Figure 5.1: a) size distribution, b) SEM image, c) TEM image of CoFe2O4 
suspension 
 
Magnetic silk fibers were prepared by using the dip-coating method in 
which silk fibers were directly dipped into suspension of Fe3O4 or CoFe2O4 
nanoparticles. After treatment, a coating layer of magnetic NPs was visibly 
detected through the change of the silk fiber’s color from white to brown 
(inset of Figure 5.2a). It also appeared that the affinity of those nanoparticles 
with silk fiber was very resilient, so that the nanoparticles were not removed 
even after several washing circles of the silk fibers using ultrasonication bath.  
SEM was carried out to characterize the morphology of magnetic 
CoFe2O4-coated silk fibers (Figure 5.2). Figure 5.2a-b and Figure 5.2c-d 
shows the SEM images of silk fibers immersed in NPs suspension for 2 hours 
and 24 hours, respectively. It was clearly observed that the dipping time 
strongly influenced the attachment of CoFe2O4 NPs on silk fiber. After two 
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hours of dipping, the surface of silk fiber were not fully covered by CoFe2O4 
NPs (Figure 5.2a-b), while after 24 hours a homogeneous cover layer was 
formed (Figure 5.2c-d). This is in contrast to the smooth surface of the 
untreated silk fiber shown in Figure 5.2f. Moreover, the cross-section SEM 
image (Figure 5.2e) a smooth surface in the cross-section area of the fiber, 
which means that most probably the CoFe2O4 NPs were only coated outside 
the fiber and were not able to penetrate in to the core of the fiber. 
 
 
Figure 5.2: SEM images of CoFe2O4-coated silk fibers: a,b) silk fiber coated 
for 2 hours in CoFe2O4 suspension (inset: representative photo of CoFe2O4-
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coated silk fibers); c,d) silk fiber coated for 24 hours in CoFe2O4 suspension; 
e) cross-section image of CoFe2O4-coated silk fiber; and f) uncoated fiber. 
Scale bars: a, c-f) 1 µm; b) 100 nm. 
 
CoFe2O4 coated silk fibers were embedded in epoxy resin and 
sectioned for transmission electron microscopy (TEM) characterizations. 
Figure 5.3 shows the TEM images (a-d) and electron diffraction pattern (e) of 
the cross-section CoFe2O4 silk sample. As can be seen from the cross-section 
TEM image (Figure 5.3a), the silk fiber after treatment was coated with a 
well-defined, triangle-shaped layer of CoFe2O4 nanoparticles. The thickness of 
this nanoparticle layer was about 100 – 200 nm (Figure 5.3b-c). High 
resolution TEM image (Figure 5.3d) shows that the CoFe2O4 nanoparticles 
had a size of 10-20 nm. Those particles were well crystallized as reflected 





Figure 5.3: a-d) TEM images of the cross section of a CoFe2O4-coated silk 
fiber showing a layer of nanoparticles coated outside the fiber core. The 
thickness of this layer is from 100 to 200 nm, and single nanoparticle has a 
diameter of 10-20 nm. e) Electron diffraction image showing the crystalline 







Figure 5.4: a) XRD patterns of CoFe2O4 particles (below) and CoFe2O4 silk 
fiber (above). b) FTIR spectra of untreated (dotted line) and treated (solid line) 
silk fibers. 
 
The presence of CoFe2O4 nanoparticles on silk fibers was further 
confirmed from the XRD patterns as shown in Figure 5.4a. As compared to 
the XRD pattern of CoFe2O4 nanoparticles, there was a diffraction peak 
clearly presented on XRD pattern of CoFe2O4 silk fibers, which was 
corresponding to the strongest diffraction direction (311) of CoFe2O4 crystal 
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structure. The weak intensity of this diffraction peak might be due to the small 
amount of CoFe2O4 NPs that attached on silk fibers’ surface. FTIR spectra of 
the CoFe2O4-coated and uncoated silk fibers are compared in Figure 5.4b. 
Although the presence of the nanoparticles on silk surface was obvious, there 
was no significance difference observed on the FTIR curves of the two 
samples. It suggested that the amount of magnetic nanoparticles could be too 
low to induce a detectable change in the FTIR reflection spectra.  
 
 
Figure 5.5: Average stress-strain curves of silk fiber treated and untreated 
with CoFe2O4 nanoparticles. Each curve was averaged based on a number of 





Figure 5.6: a) Illustration of the twin-fiber method for testing the mechanical 
properties of coated and uncoated silk fiber. b) Stress-strain curves of the 
CoFe2O4 coated and uncoated silk fiber showing that the coating process had 
no influence to the mechanical properties of silkworm silk fibers. The 
experiments were performed in 3 repeats. 
 
The mechanical characterizations of both nanoparticle-treated and 
untreated silk fibers were shown in Figure 5.5. The stress-strain curves were 
averaged data consolidated from 60-70 single measurements. The breaking 
stress and breaking strain were similar for both coated and uncoated silk fiber. 
Although after yield point, the coated silk fibers showed a slightly higher 
modulus, this difference was also not significant compared to that of the 
uncoated silk fibers. 
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As the variation in the mechanical testing results for single silk fibers 
are commonly encountered due to the unevenly distributed size of silk fiber 
[125-129], we developed another testing method to further compare the 
mechanical properties between CoFe2O4 coated and uncoated silk fiber. The 
method was briefly illustrated in Figure 5.6a, in which half of a 20 cm-long 
silk fiber was coated with CoFe2O4 nanoparticles and the other half remained 
uncoated. After the coating process, the silk fiber was stick on a double-cell 
paper frame and the two halves were subjected to the stress-strain 
subsequently. The stress-strain curves of three tests with the twin silk fibers 
were shown in Figure 5.6b. It was clearly observed that the two profiles of 
those twin silk fibers are identical, except for the breaking point which might 
be due to the random internal defect presented in the silk fiber. Therefore, 
overall it can be concluded that the mechanical properties of the CoFe2O4-
coated silk remained the same as the uncoated one. In other words, the coating 
process did not influence or affect the mechanical properties of silkworm silk 
fibers. 
The magnetic properties of CoFe2O4- and Fe3O4-coated silk fibers 
were studied and compared with those of CoFe2O4 and Fe3O4 NPs, 
respectively (Figure 5.7). The magnetic hysteresis curves of CoFe2O4 and 
Fe3O4 NPs are shown in Figure 5.7a. The saturation magnetizations (at a 
magnetic field of 10 kOe) of the CoFe2O4 and Fe3O4 nanoparticles were 32.8 
emu/g and 52.5 emu/g, respectively. The low magnetization of CoFe2O4 NPs 
could be due to their smaller size and weaker crystallinity. According to 
literature, a higher magnetization of CoFe2O4 NPs can be achieved if they go 
under an annealing process [130]. It was also noticed that the CoFe2O4 NPs 
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showed a higher coercive force as compared to this of the Fe3O4 NPs (the inset 
of Figure 5.7a). 
Figure 5.7b shows the magnetic hysteresis curves of CoFe2O4- and 
Fe3O4-coated silk fibers. It can be seen from the magnetic measurements that 
all the silk samples exhibited magnetic behaviors, which was an indication of 
the successfully coated NPs on silk surface. At a magnetic field of 10 kOe and 
at room temperature (25 oC), the CoFe2O4-coated silk fibers showed a 
saturation magnetization of 0.8 emu/g and 1.1 emu/g for the immersion time 
of 2 hours and 24 hours, respectively. This was in a good agreement with the 
SEM observation shown in Figure 5.2, in which 2 hours was not enough for 
the NPs to fully cover silk fiber’s surface. Compared to the CoFe2O4-coated 
silk fibers, Fe3O4-coated silk fibers showed a lower saturation magnetization 
of 0.6 emu/g despite that the saturation magnetization of CoFe2O4 NPs (32 
emu/g) was lower than this of Fe3O4 NPs (56 emu/g). This could be because 
that silk fiber has uptake different amount for each type of nanoparticles 
corresponding the density of hydroxyl group on their surface. From the 
magnetic measurements, the amount of magnetic nanoparticles coated on the 







Figure 5.7: a) Hysteresis loops of Fe3O4 silk and CoFe2O4 silk. b) Hysteresis 
loops of Fe3O4 and CoFe2O4 nanoparticles. The magnetic measurements 





Figure 5.8: Picture of a droplet of water on a Fe3O4 fabric. Inset picture: the 
Fe3O4-nanoparticle coated silk fabric was hydrophobic with a contact angle of 
135o. 
 
Figure 5.8 shows a picture of a droplet of water on the Fe3O4-coated 
fabric. While uncoated fabric always allowed water to penetrate through, the 
coated fabric showed a good hydrophobility which resulted in a contact angle 
of 135o for a water droplet on its surface. This improvement of the surface 
hydrophobility could due to the increase of the surface roughness and might 
provide an interesting characteristic toward the design of multifunctional silk 
fabric/textile. 
It has been found that hydroxyl groups are presented at the surface of 
the Fe3O4 and CoFe2O4 nanoparticles [131]. As demonstrated from our results, 
the magnetic nanoparticles can bind tightly on silk surface. One possibility for 
this tight binding might be due to the hydrogen interactions between the 
functional groups such as hydroxyl (•OH) of the nanoparticles and carboxyl 
(•COOH) and amine (•NH2) of the silk fibers. However, one must take into 
account that silk fibroin is a complex molecule with several active side chains, 
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as well as both negative/positive charges, and hydrophobic/hydrophilic 
segments are presented in the fibroin backbone. With this regards, the 
interaction between nanoparticles and silk fibroin would not solely consist of 
hydrogen-bond interactions. In fact several other binding forces such as 
electrostatic, hydrophobic, and covalent bonding could also contribute to the 
affinity between magnetic nanoparticles and silk fibers. 
In summary, our results have showed that oxide nanoparticles, e.g. 
Fe3O4 and CoFe2O4, can be incorporated on silk fibers via a dip-coating 
method. The nanoparticle-coated fibers have a good response to magnetic field 
(saturation magnetization is about 1 emu/g at room temperature) while their 
mechanical property still remained excellent. Moreover, the modification of 
silk surface has resulted in the increase of its hydrophobicity. Fe3O4 
nanoparticles were also well-dispersed in silk hydrogels, particles and films 
with tunable concentration. Those magnetic silk-based materials propose 
several advanced applications such as electromagnetic shielding 
textile/composite, in-situ monitoring of silk implants by magnetic resonance 
imaging, and magnetically controlled release of drug. 
5.3.2 Feeding silkworms with Fe3O4 nanoparticles 
 Up to date, several functional silk fibers with fluorescent, magnetic and 
anti-microbial properties have been produced through external coating 
methods [49, 50, 132-134]. However, the main drawback of these methods is 
the inaccessibility of nanoparticles into the core of silk fibers. Moreover, the 
use corrosive solvents and chemicals in the coating process also can affect the 
mechanical properties of silk fiber heavily. Recently, Tansil et al. has 
developed a method to make intrinsically colored and luminescent silks [135]. 
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In this method, in which silkworm silks were produced in vivo through the 
direct uptake of fluorescent dyes into silk gland when silkworms were fed with 
a dye modified diet. The author suggested that by controlling the self-
assembly capabilities and the hydrophobic properties of different dye 
molecules, intrinsically colored silks can be produced with stable and durable 
fluorescent properties. In the previous section of this Chapter, we have 
demonstrated that hydrophilic nanoparticles showed a self-assembling affinity 
to silk surface. Although the binding mechanism is not clear, in which there 
could be more than one specific binding force associated with this interaction, 
it has been proved that silk fibroin can interact with magnetic nanoparticles at 
the molecular level. Therefore it would be interesting to test if those magnetic 
nanoparticles will be able to enter the silk gland and be incorporated inside the 
protruded silk fiber following the diet method proposed by Tansil et al. 
Moreover, this approach not only could be used to produce novel magnetically 
functionalized silk fibers, but also could help to unravel the self-assembling as 




Figure 5.9: a) average food consumption of silkworms during the fifth star 
stage; b) and c) photos of control silkworms and Fe3O4-fed silkworms (0.1% 
Fe3O4), respectively. 
Silkworms were fed with three concentrations of Fe3O4 nanoparticles 
which are 0.05%, 0.1%, and 1%. Figure 5.9 shows the average food 
consumption of silkworms during the fifth star stage. From the first day of the 
fifth star period, the food consumption of the silkworms increased until the 
seventh day, when they started spinning the cocoons and stop taking in food. It 
can be observed from Figure 5.9a that silkworms consumed a similar amount 
of Fe3O4-modified food of low Fe3O4 concentrations, i.e. 0.05% and 0.1 %. 
However, for the food with higher concentration of Fe3O4 nanoparticles (1%), 
the silkworms only consumed a very little amount (data not recorded) and died 
after 2 – 3 days during the diet. This implied that the Fe3O4 nanoparticles 
might not be totally biocompatible to the silkworms, and a high concentration 
of the nanoparticles actually can exert a severe toxicity to the silkworms. 
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Figure 5.9b and Figure 5.9c show the photos of control silkworms and Fe3O4-
fed silkworms (0.1% Fe3O4), respectively. The treated silkworms showed a 
slightly blackening color compared to the control ones.  
Magnetic measurements were carried out to confirm the magnetic 
nanoparticle uptake in silk fibers (Figure 5.10). As shown in Figure 5.10a, 
magnetization curves of the control silk and Fe3O4 silk of different feeding 
concentrations were measured. The magnetic properties of the sample holder 
and control silk fibers were measured as a comparison to the feeding silks. 
From these magnetic characterizations, one can see that all the samples 
exhibited diamagnetic properties, in which the induced magnetization was 
reduced with the increase of the magnetic field. Figure 5.10b shows the 
magnetization curves of the control silk fibers and feeding silk fibers after 
subtraction with the data of the sample holder.  It can be seen from this figure 
that Fe3O4-fed silk samples exhibited higher magnetization property than 
control silk sample. This was evidence that actually magnetic nanoparticles 
could penetrate into the silk gland and entered the silk fibers once the 
silkworm start spinning. However, based on our magnetic measurement 
results, the amount of the magnetic nanoparticles that entered the silk fibers 
was very little. This could be due to the big size of the nanoparticles (20-100 
nm) and further investigation of feeding silkworm with smaller particles may 




Figure 5.10: a) M-H curves of Fe3O4-fed silk fibers. b) M-H curves of Fe3O4-
fed silk fibers after substracting the data from the sample holder. 
5.3.2 Synthesis of magnetic silk-based materials in different morphologies 
5.3.2.1 Solution of Fe3O4 nanoparticles and silk fibroin 
 It has been shown in the previous sections that silk fibroin, in either 
naturally-spun fiber or native protein solution forms, has a binding tendency to 
Fe3O4 nanoparticles. Based on this finding, we will further show our approach 
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to integrate Fe3O4 nanoparticles into different formats of silk materials in the 
following part. 
Figure 5.11a shows the size distribution curves of Fe3O4 suspension 
prepared from ultrasonication method, silk fibroin solution, and a mixture of 
Fe3O4/SF solution. As shown previously, the Fe3O4 magnetic nanoparticles 
have a major size distribution peak at 20-30 nm, while silk fibroin solution 
showed three main peaks in the size distribution curves, which are positioned 
at about 20 nm, 100 nm, and 700 nm. The 20-nm peak was separated while the 
100-nm and 700-nm ones were overlapped on each other. The morphology of 
the silk fibroin in the solution state was verified with the SEM characterization 
of the freeze-dried sample (Figure 5.11b-c). From these SEM images, one can 
see that the freeze-dried silk fibroin consisted of fibers and particles of sub-
micron size, which might be resulted from the phase separation of silk fibroin 
in aqueous solution. As presented in the Introduction Chapter of this thesis, 
silk fibroin molecule has a highly complicated structure consisting of 
negative/positive charge, hydrophilic/hydrophobic segment over a wide range 
of molecular weight. This resulted in a highly varied conformation of silk 
fibroin in solution reported in the literature, including of globular particle [81], 
micelles [5], and rod-like particles [30]. By correlating the SEM observation 
with the particle sizer analysis, here we can suggest that silk fibroin solution 
consisted of metastable fibroin particles and long fibers with size ranging from 
100-700 nm (Figure 5.11b). Those particles were interlinked with nanofibers 
of smaller size of about 20 nm (Figure 5.11c). Interestingly, when Fe3O4 
magnetic nanoparticles were mixed into silk fibroin solution, the size 
distribution profile was totally different from those of the original solutions. 
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The size distribution profile of the Fe3O4/SF solution showed only one size 
distribution ranging from 200 nm to 1000 nm. This implied that there might be 
an interaction happened between the Fe3O4 nanoparticles and silk fibroin 
molecules. Therefore the metastable phase of silk fibroin molecules in 
aqueous solution has been rearranged due to the effect of nanoparticle binding. 
The inset of Figure 5.11b shows Fe3O4/silk fibroin solution of different 
concentrations. In all the solutions, Fe3O4 magnetic nanoparticles were visibly 
dissolved to form a homogeneous solution with silk fibroin.  
 
Figure 5.11: a) size distribution curves of Fe3O4 suspension prepared from 
ultrasonication method, silk fibroin solution, and a mixture of Fe3O4/SF 
solution. b-c) SEM images of freeze-dried silk fibroin sample. Inset: photo of 
Fe3O4/silk fibroin solution of different concentrations. Scale bar: b) 5 um and 




5.3.2.2 Fe3O4 silk fibroin particles 
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Silk fibroin microparticles were prepared by using the so-called salting 
out method [136]. Fe3O4 suspension was mixed with silk fibroin solution at 
different concentration ratios, namely 1:6 and 5:6 samples (Fe3O4:silk fibroin, 
wt.:wt.). Figure 5.12 shows the SEM images of the silk fibroin particles 
prepared from the salting out method. Both the silk fibroin particles and 
Fe3O4/silk fibroin particles showed an average size of about 1 µm. In contrast 
to the smooth surface of the silk fibroin particles, the presence of Fe3O4 
nanoparticles can be observed clearly on the surface of the 1:6 and 5:6 
samples. Moreover, one can see that the density of Fe3O4 nanoparticles on 5:6 
particles (Figure 5.12 c-d) were much higher than that of the 1:6 particles 
(Figure 5.12e-f), which was definitely resulted from the higher concentration 
of Fe3O4 nanoparticles in silk fibroin solution.  
TEM images of silk fibroin particles with (1:6) and without Fe3O4 
nanoparticles are shown in Figure 5.13. The TEM images of sample 1:6 
showed an evenly distribution of Fe3O4 nanoparticles in silk fibroin matrix. 
There was no contrast difference around the edge of the silk fibroin 
microparticles, which implied that Fe3O4 nanoparticles might dispersed inside 




Figure 5.12: SEM images of a-b) silk fibroin particles (without Fe3O4 
nanoparticles), c-d) Fe3O4:silk fibroin particles (ratio 1:6), e-f) Fe3O4:silk 





Figure 5.13: TEM images of a-b) silk fibroin particles (without Fe3O4 
nanoparticles), c-d) Fe3O4:silk fibroin particles (ratio 1:6), e) high-resolution 
TEM image of Fe3O4 nanoparticlessilk fibroin, f) electron diffraction pattern 





Figure 5.14: a) Picture of magnetic silk fibroin hydrogels prepared by 
ultrasonication-induction method. b) SEM images of magnetic silk fibroin gel 
(4 % wt. fibroin and 2 % wt. magnetic nanoparticles) 
 
 By using the Fe3O4/silk fibroin solution, magnetic silk fibroin hydrogel 
and thin film have been successfully prepared via ultrasonication method and 
a simple casting method, respectively. The morphology investigations of these 
two magnetic silk fibroin forms are shown in Figure 5.14. From the SEM 
images of a freeze-dried magnetic gel (Figure 5.14a-b), one can see the 
nanofibrillar structure. Figure 5.14b-c shows the cross-section SEM images of 
a magnetic silk fibroin film. The Fe3O4 nanoparticles were found dispersing 
homogeneously inside the silk fibroin matrix. 
5.4 Conclusions 
In this Chapter, we have demonstrated different approaches to prepare 
magnetic silks of various forms, i.e. magnetic silk fibers, microparticles, 
hydrogels, and films. By using a simple dip-coating method, a homogeneous 
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and robust layer of magnetic nanoparticles were coated on silk fiber. The 
magnetic silk fibers showed ferromagnetic properties and their mechanical 
properties remained comparable to the control ones. Alternatively, magnetic 
silk fibers were produced by feeding silkworms with a modified feed 
containing magnetic nanoparticles. Although the silk fibers produced by this 
technique only exhibited a weak magnetization, it was clear evidence that the 
nanoparticles could enter the silk glands. Further investigation on the effect of 
particle size might significantly improve the magnetic properties of the silk 
fibers. Moreover, magnetic nanoparticles were shown to be mixed 
homogeneously with silk fibroin of different concentration, and subsequently 
be processed in different material formats, i.e. microparticles, hydrogels, and 
films. In the application perspectives, these magnetic silk-based materials have 






















The overall aim of this thesis is to achieve a comprehensive 
understanding of the self-assembly process of silk fibroin hydrogel induced by 
ultrasonication. Subsequently, the knowledge acquired was used to develop 
novel functional silk-based materials such as silk fibroin hydrogels with 
tuneable properties (i.e. stiffness and gelation time) and magnetic silk 
materials.  
In Chapter 3, the self-assembly kinetics of ultrasonication-induced silk 
fibroin hydrogel was monitored through morphological and structural 
characterizations. It was found that silk fibroin gelation underwent four 
different stages of nucleation-growth pathway after induction by 
ultrasonication. At first, ultrasonication initiated nucleation centers which 
consist of aggregations of short and thin nanofibrils, followed by the growing 
and branching of the nanofibrils into single-domain networks. During this 
process, the formation of cross β-sheets was found to be dominant over the 
growth of β-crystals. Finally, the single-domain networks interpenetrate into 
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each other to form a multiple-domain, entangled hydrogel network in which its 
joints might have originated from the stacking of β-sheets into β-crystals. 
Furthermore, in Chapter 4 we showed that silk fibroin hydrogel 
network can be engineered based on manipulations of nucleation-growth 
kinetics. In particular, varying the density of primary nucleation centers by 
inducing ultrasonication or adding foreign seeds (i.e. CNTs) resulted in 
tuneable mechanical properties of the hydrogel system. Moreover, initial 
investigations showed that hMSCs attached well on the silk fibroin hydrogels 
without additional coating of adhesive ligands. hMSC proliferation was found 
to be stiffness-dependent, with a higher proliferation rate on stiffer hydrogel. 
This makes the ultrasonication-induced silk fibroin hydrogel a promising 
scaffold system for stem cell based therapy. The adding of foreign seeds 
(CNTs) also led to an increase in the hydrogel’s stiffness.  
Finally, in Chapter 5, we demonstrated different approaches to prepare 
magnetic silks of various forms, i.e. magnetic silk fibers, microparticles, 
hydrogels, and films. A homogeneous and robust layer of magnetic 
nanoparticles were successfully coated on silk fibers by using a simple dip-
coating method. This magnetic nanoparticle coating layer conferred a 
relatively strong magnetic properties without decreasing the mechanical 
performance of the fibers. Alternatively, magnetic silk fibers were produced 
by feeding silkworms with a modified feed containing magnetic nanoparticles. 
Although the silk fibers produced by this method only exhibited a weak degree 
of magnetization, these were clear evidence that the nanoparticles could enter 
the silk glands and be incorporated into the fibers in some manner. Further 
investigation on the effect of particle size might significantly improve the 
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magnetic properties of the silk fibers. Moreover, magnetic nanoparticles were 
able to mix homogeneously with silk fibroin of different concentrations, and 
subsequently processed in different material formats, i.e. microparticles, 
hydrogels, and films. From an application perspective, these magnetic silk-
based materials have various promising applications as novel functional 
materials. 
6.2 Outlooks 
Although significant insights into the self-assembly of silk fibroins 
have been obtained in this thesis, there are still several issues which require 
further investigation.  
Our results showed that in ultrasonication-induced silk fiboin 
hydrogels, the crystal networks correlated to the macroscopic properties, as 
well as the network formation mechanism. The macroscopic properties can 
thus be modified in terms of tuning different levels of hierarchical network 
structures by varying the density of initial nucleation centers. Such controls 
take effect by different meso-scale assembly pathways, which are found to 
occur via different routes of the nucleation-growth process. However, at this 
moment our observation is only limited to the formation of regenerated silk 
fibroin hydrogels. It would be interesting to correlate the nucleation-growth 
process and the control of hierarchical networks in silk fibroin hydrogel with 
the structure and performance of naturally spun silk fibers. This would lead to 
new engineering method to improve the superior mechanical strength of silk 
fibers. For example, nanoparticle seeds could be inserted into silkworm’s silk 
glands, and subsequently spun silk fibers by the feeding method. Different 
numbers of these nanoparticles, which act as the joints of the networks, might 
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result in different mechanical properties of the silk fibers. Moreover, further 
modification and investigation could also be done by varying surface 
properties of the nanoparticles, such as surface charge and 
hydrophobicity/hydrophilicity.  
The ultrasonication-induced silk fibroin hydrogels with tunable 
mechanical properties and gelation time are also promising in biomedical 
applications. Initial results have shown that hMSCs were able to attach and 
proliferate well on the hydrogel surface. Furthermore, the self-assembly 
characteristic also make the hydrogel system an injectable matrix which could 
be used for the delivery of cells or drug. Therefore, it would be worthwhile to 
investigate the capability of the silk fibroin hydrogel system for 3D culture of 
hMSCs. 
Last but not least, the magnetic silk-based materials including 
hydrogels, films, and particles, can be useful for various applications such as 
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